
UNCLASSIFIED 
 

AD NUMBER: 

LIMITATION CHANGES 

TO: 

FROM: 
 

AUTHORITY 

 

 
THIS PAGE IS UNCLASSIFIED 

AD0232700

Approved for public release; distribution is unlimited.

Distribution authorized to U.S. Government agencies and their contractors; 
Administrative or operational use; 01 Nov 1958. Other requests shall be 
referred to North Atlantic Treaty Organization Advisory Group for 
Aeronautical Research and Development, Paris, France. 

ST-A AGARD LTR 24 APR 1970



UNCLASSIFIED

Reproduced

(Irnied Services Technical Information Agency
ARLINGTON HALL STATION; ARLINGTON 12 VIRGINIA

NOTICE: WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR 
OTHER DATA ARE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION 
WITH A DEFINITELY RELATED GOVERNMENT PROCUREMENT OPERATION, 
THE U. S. GOVERNMENT THEREBY INCURS NO RESPONSIBILITY, NOR ANY 
OBLIGATION WHATSOEVER; AND THE FACT THAT THE GOVERNMENT MAY 
HAVE FORMULATED, FURNISHED, OR IN ANYWAY SUPPLIED THE SAID 
DRAWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY 
IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER 
OR ANY OTHER PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR 
PERMISSION TO MANUFACTURE, USE OR SELL ANY PATENTED INVENTION 
THAT MAY IN ANY WAY BE RELATED THERETO.

UNCLASSIFIED
m



FILE COTY

*•
ASTIA

AKLINOTON HALl STATION

AALINOTON 12, VIKOINIA
•

Attni TISSS

AGARDograph 35
/

AGARDograph

A SUMMARY
OF DESIGN TECHNIQUES 

FOR AXISYMMETRIC 

HYPERSONIC WIND TUNNELS 

» *
BY

♦ Ying-Nien Yu

w
NOVEMBER 1958 ^'PDR

NORTH ATLANTIC TREATY ORGANIZATION 
ADVISORY GROUP FOR AERONAUTICAL RESEARCH AND DEVELOPMENT



MW
'''Wiiiili!:!

Mil COPY

■•tarn ta

ASTIA
AtllNOTON HAU STATION

ARLIHOTON 13, VIROINIA
•

Attni TISSS

AGARDograph 35

AGARDograph

s
A SUMMARY 

OF DESIGN TECHNIQUES 

FOR AXISYMMETRIC 

HYPERSONIC WIND TUNNELS

BY
Ying-Nien Yu

V tsKi
NOVEMBER 1958

h

NORTH ATLANTIC TREATY ORGANIZATION 
ADVISORY GROUP FOR AERONAUTICAL RESEARCH AND DEVELOPMENT



AGARDograph 35 

NORTH ATLANTIC TREATY ORGANIZATION 

ADVISORY GROUP POR AERONAUTICAL RESEARCH AND DEVELOPMENT 

A SUMMARY OP DESIGN TECHNIQUES POR 

AXISYMMETRIC HYPERSONIC WIND TUNNELS 

by 

Ying-Nien Yu 

Norenber 1958 



SUMMARY 

\ 
A family of perfect fluid coordinates for axisymmetric effusers with 

the exit Mach number range of 5 to 20 iu&idien computed by the method of 

characteristics. A conical source fldv front and a centerline Mach 

number distribution are used as initial conditions. Design techniques 

and other related problems of interest in the development of hypersonic 

facilities are summarized. 

SOMMAIRE 

Une famille d’axes de coordonnées d’un fluide parfait pour les 

souffleries axe-symétriques avec nombre de Mach sortie depuis 5 jusqu’à 

20 est calculée par la méthode des caractéristiques. Un écoulement du 

écoulement du source conique et une distribution des nombres de Mach 

d’axe sont employés comme les conditions initiales. Les techniques de 

dessin et les autres problèmes d’interet apparentés dans le développement 

des facilités hypersoniques sont récapitulés. 

533.6.071:533.6.011.55 

3b8c2c 

iii 



CONTENTS 

SUMMARY 

LIST OF TABLES 

LIST OF FIGURES 

NOTATION 

Pace 

ill 

vl 

vi 

1. INTRODUCTION 

2. COMPONENTS OF HYPERSONIC WIND TUNNELS 
2.1 General Arrangeient of Rind Tunnel Circuits 
2.2 Supply Sections 

2.2.1 Storage Tanks 
2.2.2 Heaters 
2.2.3 Thernal Mixers 
Nozzles 
Test Sections 
Diffusers 
2.5.1 General Considerations 
2.5.2 Fixed Diffusers 
2.5.3 Adjustable Diffusers 
Ejectors 

2.3 
2.4 
2.5 

2.6 

3. 

Nozzle Design 

3.2 

3.2.2 

AERODYNAMICS OF AXISYMMETRIC WIND TUNNEL NOZZLES 
3.1 Perfect Fluid Contours - General Discussion 

3.1.1 Nozzle Aerodynanlc Regions 
3.1.2 Validity of Perfect Fluid Theory for „eB1, 
3.1.3 Fornulation of Axisynnetrlc Nozzle Design Method 
3.1.4 Contraction Contour 
Perfect Fluid Contours - Conputation 
3.2.1 Method of Characteristics for Axisynnetrlc Flow 

3.2.1.1 Theory 
3.2.1.2 Nunerical procedure 
Initial Conditions 
3.2.2.1 Nozzle design paraneters 
3.2.2.2 Centerline Mach nunber distribution 
3.2.2.3 Conical source flow front 
3.2.2.4 Expansion curve 
Transition Region Conputation 
3.2.3.1 Flow net 
3.2.3.2 Wall coordinates 
Wall Coordinates at Equal Axial Increnents 
Conputation of a Fanily of Perfect Fluid Contours 
3.2.5.1 Computer routine 
3.2.5.2 Description of tabulated data 

3.2.3 

3.2.4 
3.2.5 

2 
2 
3 
3 
3 
4 
4 
5 
5 
5 
5 
6 
6 

7 
7 
7 
8 
9 

10 
11 
11 
11 
13 
15 
15 
15 
17 
17 
18 
18 
18 
19 
20 
20 
20 

iv 

I 



Pace 

3.2.3.3 CoHputfttlonal accuracy 
3.3 Turbuleat Boundary Layer firouth 

3.3.1 Genera! Discussion 
3.3.2 Method of Bartz 
3.3.3 Method of Persh and Lee 
3.3.4 Concluding Renarks 

3.4 Nozzle Cut-off Point 
3.5 Focusing Effect Due to the Mall Errors 

4. PERFORMANCE AND CONTROL 
4.1 Rind Tunnel Paraneters 

4.1.1 Effuser 
4.1.2 Run Tine for Blowdown Tunnels 

4.2 Starting and Running Pressure Ratios 
4.2.1 Enpty Test Section Data 
4.2.2 Special Starting Techniques 

4.3 Stagnation Pressure and Tenperature Controls 
4.3.1 General Discussion 
4.3.2 Stagnation Pressure Control 

5. NOZZLE DESIGN AND FABRICATION 
3.1 Mall Heating 
5.2 Throat Configurations 
3.3 Cooling Systen 
5.4 Fabrication 

ACKNOWLEDGMENTS 

REFERENCES 

TABLES 

FIGURES 

APPENDIX I - Listing of a Fanlly of Perfect Fluid Contours 

APPENDIX II - 

DISTRIBUTION 

20 
21 
21 
22 
23 
24 
25 
25 

26 
26 
26 
26 
26 
26 
27 
27 
27 
28 

29 
29 
30 
32 
33 

34 

35 

39 

41 

A-iii 

B-iii 



LIST OF TABLES 

mm I survey of Boundary Layer Displacement Thickness 

TABLE II Survey of Pressure Ratio 

Page 

39 

40 

/ 
list of figures 

Pig.l 

Pig. 2 

Pig. 3 

Pig. 4 

Pig. 5 

Pig. 6 

Pig. 7 

Pig. 8 

Pig. 9 

Pig.10 

Pig.11 

Pig.12 

Pig.13 

Pig.14 

Pig. 15 

Pig. Ifi 

Pig. 17 

Boundary-layers 1. t^di^al«., md ul„,Mrlc 

Arrangement of hypersonic wind tunnel circuits 

Är:™e • Bra. tlo. a, hl(ai 

Gas-fired or oil-fired pebble bed heater 

Compression heater 

Ideal performance for compression heater 

Typical thermal mixer design 

meraal dl.tor.lon 1. .«.-dto.ion.! ttrwlt 

.Typical free-jet test section 

Supersonic diffusers 

Ejector by-pass arrangement in a continuous circuit 

Definition of nozzle flow regions 

Computation of nozzle contours starting from the throat 

Computation of nozzle contours assuming source flow 

Typical expansion region curves 

Numerical Procedure or method of characteristics for axisy^etric flow 

Plow net construction in transition region 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

vi 



Pig. 18 Wall coordinates computation 

Pig. 19 Wall coordinates in equal axial increments 

Pig. 20 Computer routine for nozzle coordinates 

Pig.21 Wall contour geometry for a nozzle with Mj = 6.0, 6K= 10°, 7 = 1.4 

Pig.22 Grid size effect at Mj = 8.0, 0A = 10°, 7 = 1.4 

Pig.23 Survey of boundary*layer displacement thickness data 

Pig.24 Cut-off point of a typical hypersonic nozzle 

Pig. 25 Focusing effect due to wall errors 

Pig. 26 Weight flow for hypersonic nozzles 

Pig.27 Survey of pressure ratio data for free-jet operation 

Pig. 28 A model protector design (Sandberg-Serrell Corp. ) 

Pig. 29 Stagnation temperature and pressure control system 

Pig. 30 Comparison of various heat transfer film coefficient theories 

Pig.31 Greenfield’s heat transfer film coefficient 

Pig. 32 Cooling methods for axisynmetric nozzle throats 

Pig.33 Integral-passage cooling 

Pig.34 Annulus-passage cooling 

Pig.35 A beryllium-copper throat and nickel liner nozzle 

Pig.36 Capabilities of various throat configurations 

Pig.37 Typical axisymmetric nozzle mandrel (Sandberg-Serrell Corp.) 

Pig.38 An electroformed nozzle liner (Sandberg-Serrell Corp.) 

Pig.39 Nozzle coordinate system for Appendix II 

Page 

58 

59 

60 

61 

63 

64 

65 

66 

67 

69 

70 

71 

73 

75 

77 

78 

79 

80 

81 

82 

83 

84 

vii 



Pig. 40 Axisjmnetric hypersonic nozzle with free-Jet test section 
(Courtesy of Boeing Alrplate Company) 

Pig.41 Hypersonic wind tunnel and continuously operated electric heater 
(Courtesy of Ohio State University) 

Pig. 42 12" X 12" two-dimensional hypersonic wind tunnel and pebble bed heater 
(Courtesy of Rosemount Aeronautical laboratory, University of Minnesota) 



notation 

“o 

ct 

c, d 

f 

g 

h. 

*1 *2 

a local speed of sound 

. a a a coefficients (Sections 3.2.2.2 and 3.2.2.4) 

speed of sound at stagnation conditions 

local skin friction coefficient 

exponents in teiperature function 

function 

acceleration of gravity 

gas side fila coefficient 

function of specific heat ratio 

factors in Mach nunber distribution function 

n, n ^ n2, n3 exponents 

p points along source flow front and exit characteristic 

velocity ratio (Sec. 3.2.1.2) 

rate of heat transfer (Sec. 5) 

temperature recovery factor 

nozzle ordinate ( r = 0 along axis of symmetry ) 

transfer function in Laplace transform 

total temperature in boundary layer 

velocity components (u in z-direction, v in r-direction) 

weight flow rate 

expansion region coordinates (Sec. 3.2) 

local coordinates in boundary layer (Sec. 3.3) 

nozzle abscissa (z = 0 at origin of source flow) 

4 

4 

r.f. 

r 

s 

t 0 

U, V 

w 

x.y 

X, y 

z 

A area 

ix 



A/A* 

Af Bf Cf D 

Cj, c2. c3, c. 

P, G 

H 

J. J0. Jj. J2 

ka 

L 

M 

N ' 

P 

Q 

Q 

P, Q 

R 

R 

Ro 

Re 

Re 6 

S, 8' 

T 

Tl 

one-dimensional area ratio 

coefficients in flow equation ((Sec. 3.2.1.1) 

coefficients in response equation 

Young* s modulus of elasticity 

iteration functions 

boundary layer shape factor 

right-running characteristic line notation 

loop gain factor 

minimum nozzle length 

Mach number 

characteristic net size 

pressure 

Iteration function (Sec. 3.2.1.2) 

unknown point in wall point calculation (Sec. 3.2.3.2) 

coefficients in boundary-layer growth equation 

gas constant 

radius of source flow front 

radius of source flow front at Mach 1 

Reynolds number per unit length 

Reynolds number based on momentum thickness 

intersections of characteristic lines with stream lines 

temperature; also local static temperature in boundary layer 

temperature at which thermal stress is zero 

temperature at which thermal stress is desired 

D. V, W 

V 

points in wall coordinate calculation (Sec. 3.2.3.2) 

volume 

X 



V 

w 

AW 

a 

a 

ß\> ßi 

y 
8 

8* 

7^, Vj 

e 

e 

\ 

M 

V 

7T 

P 

1/Pt 

a 

cr 

r 

i 

* 

(JÙ 

A 

velocity (Sec. 3.2.1.2) 

.exi*» speed obtainable by exp^in, tbe floe to aero 

weight of gas 

change in weight of gas 

Mach angle 

eM«lcl«t of thoml 5> 

exponents in response equation 

ratio of specific heats 

boundary-layer thickness 

»■dorj-iw«- ai»'“»“*tMckM“ 

1« O.00 !» -U coordínate clcUtl» 

„o, angle .Itb mwct t. <». D ooordl».«. W«« 

M»»d»rT-l«or »«»t». ttlc»».»» <«“• 

Mach nuBber function 

coefficient of absolute viscosity 

Poisson's ratio 

partial cancellation region length factor 

density 

nozzle wall curvature at throat 

temperature function (Sec. 3.3) 

thermal stress (Sec. 5) 

time 

velocity potential 

Prandtl-Meyer angle 

exponent in skin friction equation 

thermal boundary-layer thickness 

xi 

absolute temperature 



Subscripts 

1 

i 

P 

r, z, r 

a 

t 

w 

A, B, C 

L, R 

L 

0 

1 

œ 

1» 2, 3 

refers to adiabatic conditions 

refers to diffuser eilt conditions 

refers to nuaerical index (Sec. 3.2.4) 

refers to initial conditions 

refers to points along source flow front and exit characteristic 

refers to partial derivatives 

refers to storage conditions 

refers to nozzle throat 

refers to wall values 

refers to nozzle points 

refers to left and right running characteristics respectively 

refers to laminar sub-layer thickness (Sec. 3.3) 

refers to stagnation conditions 

refers to nozzle test section conditions 

refers to conditions at outer edge of boundary layer 

refers to points in characteristic net iteration (Sec. 3.2.2.1) 

( ). ( ) 

n 

O 

( )• 

refers to derivatives 

refers to average value (Sec. 3.2.2.1) 

refers to function of momentum thickness (Sec. 3.3) 

refers to values at nozzle throat 



A SUMMARY OF DESIGN TECHNIQUES FOR AXISYMMETRIC HYPERSONIC 
HIND TUNNELS 

Ylng-Nlen Yu* 

1. INTRODUCTION 

Due to the rapid Increases in flight 
speeds of tehicles in the past decade, 
aeroscientists and engineers are confronted 
with uany unsolved problems associated with 
high speed flow. Experimental information 
must be gathered to overcome the lagging 
theoretical treatment of these newly created 
problems and to correlate theories under 
development. The use of supersonic wind 
tunnels fortesting flight vehicles or objects 
at lower Mach numbers has provided much 
valuable information for scientists and 
engineers. For vehicles traveling at 
hypersonic speeds, valuable design informa¬ 
tion will also be available through wind- 
tunnel testing even though complete simulation 
of free flight may not be achieved. 

The methods employed in supersonic wind 
tunnel design are well known, for installa¬ 
tions of supersonic wind tunnels of varying 
sizes and types are common throughout the 
world. References 1 through 3 describe the 
design and development of various types of 
supersonic wind tunnels. 

Most of the techniques developed for 
supersonic wind tunnel design are equally 
applicable to hypersonic wind tunnels. For 
Mach numbers greater than 5, higher supply 
pressures and temperatures are necessary to 
expand the gas to test region Mach number 
and to accomplish this without gas lique¬ 
faction. As the Mach number increases, the 
required supply energy will be higher accord¬ 
ingly. For example, to obtain the test 
region Mach number of 14, if the gas is air 
to be expanded to atmospheric pressure, a 
supply pressure of 24,000 lb/in2 and supply 
temperature of 3000¾ mav be required. The 

simultaneous generation of high supply energy, 
and the resulting thermo-structural problems 
from the high temperature and pressure in 
various parts of the tunnel circuit, 
necessitate additional techniques for the 
development of hypersonic wind tunnels. 

The nozzle or effuser section of the 
supersonic wind tunnel is usually two- 
dimensional since the contoured nozzle can 
be made either flexible or semi-flexible to 
permit variable Mach number operation. Due 
to the limitation of test section size, and 
the large ratio between exit and throat 
areas, the two-dimensional nozzle becomes 
impractical at Mach numbers greater than 8. 
The test section area is usually limited by 
the supply energy available, thus limiting 
the mass flow rate. The larger test area 
requires greater energy sources, hence it is 
economically impractical. A limited test 
area combined with large area ratio results 
in a very small throat area, which means a 
very small throat height for the two- 
dimensional nozzle. For example, a Mach 
8.0 nozzle with a perfect fluid exit height 
of 8 inches will have a throat height of 
only 0.042 Inches. 

Structurally, such a small throat is not 
only difficult to fabricate, but will create 
disturbances in the flow field downstream, 
since thermal distortion results from high 
heat transfer rates to the large wetted 
throat surface. Aerodynamically, the hyper¬ 
sonic boundary layer growth for the two- 
dimensional nozzle is difficult to estimate. 
The boundary layer displacement thicknesses 
are larger than those of supersonic nozzles, 
and the presence of different transverse 
pressure gradients, as well as longitudinal 
pressure griidienis, along the contoured walls 

*S<mdberg-Serrell Corporation, Pasadena, California, U.S.A. 



and the side «alls results in a non-uniform 
boundary layer build-up. It becomes necessary 
to diverge or perhaps contour the side walls 
to compensate for the boundary layer growth 
in addition to adjusting the contoured walls. 
This introduces difficult sealing problems 
along the corners of the walls. Finally, 
despite all the adjustments, the non-uniform 
boundary layer build-up will still result in 
a non-uniform flow distribution in the test 
section such as shown in Figure 1(a). 

heat ratios of 6/5 and 5/3 in addition to 
7/5 (for air), were used in computing con¬ 
tours for Mach numbers greater than 9. The 
gas in all cases was assumed to be at frozen 
eQUilibrium. The coordinates of these 46 
contours are tabulated in Appendix I. 

In Appendix II perfect fluid contour 
coordinates computed by the NASA*, are 
included. The exit Mach number of one of the 
contours is 27. 

There are obvious advantages in making the 
nozzle rotationally symmetric. The throat 
height, or diameter, as compared to the two- 
dimensional nozzle with the same test 
section Mach number and height, is larger; 
higher temperatures can be permitted at the 
throat since thermal expansion is small and 
uniform due to axial symmetry; and, with the 
same pressure gradient along the meridians, 
boundary layer growth is uniform, resulting 
in a symmetric flow pattern in the test 
section as shown in Figure 1(b). 

Computations of axisymmetric nozzle con¬ 
tours are also being made at the Wright 
Aeronautical Development Center. The report 
on these contours will be published soon. 

In the discussion on aerodynamics, methods 
for calculating boundary layer growth are 
given. The remainder of this report is a 
summary of design techniques for axisymmetric 
hypersonic wind tunnels. 

The contoured surface of the nozzle must 
be made very smooth in order to prevent flow 
disturbances that will focus on the center- 
line and reflect downstream to the test 
region. Included in this report is a 
discussion on the fabrication of axisymmetric 
nozzle by electro forming, a technique by 
which the nozzle walls can be made extremely 
smooth. 

Despite the inherent limitation to fixed 
Mach number, axisymmetric nozzles must 
replace conventional two-dimensional nozzles 
for the high Mach number range. 

The major portion of this report is 
devoted to the design techniques for axi¬ 
symmetric nozzles. In particular, a family 
of 46 perfect fluid contours was computed by 
the IBM Type 704 electronic digital computer 
using the method formulated. The contours 
have a Mach number range of 5 to 20 at 
expansion angles of 6° and 10°. Specific 

2. COMPONENTS OF HYPERSONIC WIND 
TUNNELS 

2.1 General Arrangement of Wind 
Tunnel Circuits 

In conventional supersonic wind tunnels, 
the steady flow duration governs the physical 
arrangement of the tunnel circuit. For 
continuous operation, the circuit will be 
closed, and the tunnel will be driven by a 
continuously operating compressor system. 
The flow duration for the intermittent type 
of wind tunnel ranges from a few seconds to 
a few minutes. There are generally three 
possible arrangements for intermittent wind 
tunnels: the blowdown, the drawdown, and a 
combination of blowdown and drawdown. 

In general, a heater and thermal equalizer 
in the supply sections and an aftercooler 
downstream of the diffuser are required for 
a hypersonic tunnel in addition to the 
components of the supersonic tunnel. To 
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generate high pressure ratios during starting 
for continuous flow tunnels, an auxiliary 
evacuating device nay be added to the circuit. 
For economical and practical reasons, the 
■ajority of intermittent hypersonic wind 
tunnels are a combination of blowdown and 
drawdown. It is often advantageous to make 
use of an ejector system instead of an 
expensive vacuum tank to evacuate the gas 
downstream of the diffuser. Figure 2 shows 
typical arrangements for continuous and 
intermittent hypersonic wind tunnel circuits. 

is economical to fabricate the tanks In the 
shop and install In the field, i.e.. if the 
tanks can also be made transportable. Some¬ 
times. due to space limitations, a single 
tank is not feasible, but can be replaced by 
connecting a parallel row of tanks to a 
common manifold. Code requirements for high 
pressure vessels should be observed for 
safety. 

2.2.2 Heaters 

2.2 Supply Sections 

As shown in Figure 2, the supply sections 
for continuous-operation tunnels contain a 
drying system for inlet air, a compressor 
system, a heater section, and a thermal 
mixer. For intermittent tunnels, high- 
pressure vessels are required to store the 
compressed gas. Extensive theories and data 
on air drying systems and compressors for 
high speed wind tunnels are reported in 
References 4 and 5, respectively. 

2.2.1 Storage Tanks 

In general, the storage tanks are located 
upstream of the heater section. The volume 
and energy level of the storage tank are 
functions of the run duration desired. The 
decrease in gas weight in the storage tank 
by the end of a run is 

Vj (1) 

w, remains constant during a run since the 
stagnation pressure and temperature are 
usually constant. Therefore, the running 
time, r. varies directly with V8Pgl, if the 
tank initial temperature, Tsl, and stagnation 
pressure, P0, are given. 

In selecting storage tanks, consideration 
must be given to cost, available space, 
safety, etc. Usually, high -pressure vessels 
require welding, stress-relieving and inspec¬ 
tion before assembly. Such operations are 
costly to perform in the field, therefore it 

As pointed out in the Introduction, to 
maintain liquefaction-free flow at high Mach 
numbers in the test region, the stilling 
chamber gas must be raised to a high tempera¬ 
ture level. Figure 3 shows computed stagna¬ 
tion temperatures vs test section Mach 
numbers at various stagnation pressures. 
The exact behavior of gas liquefaction is 
extremely complicated and relatively unknown. 
Detailed treatment of this subject is avail¬ 
able in References 6 and 7. 

Most of the hypersonic facilities in the 
United States are still in the development 
stage, and the design of the heaters is one 
of the major problems associated with this 
development work. For operation up to 
approximately Mach 14, heat can be trans¬ 
ferred by convection. For operation at Mach 
numbers greater than 14, high temperature 
and pressure can be achieved simultaneously 
by compressing the gas adiabatically. 

Convection heaters may be of continuous or 
intermittent types to match the tunnel circuit 
arrangement. Electric heaters are suitable 
for continuous operation. The gas temperature 
is limited by the heating element temperature 
obtainable. Nichrome, with an operating 
element temperature of 2000¾. is often used 
for electric heaters. It is reported in 
Reference 8 that electric heaters using 
Kanthal elements have produced air tempt-a- 
tures in excess of 2500°R. 

When it is desirable to reduce electric 
power requirements, the gas can be heated by 
convection in two stages. The first stage 
heater can be gas or oil-fired to achieve a 
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gas tenperature of about 1400°R. The second 
stage la usually an electric heater. 

It is sore desirable to use storage 
heaters for interalttent operation, although 
direct heating by electric heaters say also 
serve the purpose. Storage heaters are 
coMonly of the pebble*bed type. Before 
each run, theraal energy is accuiulated at a 
low rate and stored In the pebbles which are 
usually nade of alunlnum or zirconiun ozlde. 
In general, pebble*beds can be heated elec* 
trlcally or by gas-firing. A typical gas- 
fired pebble-bed heater is shown in figure 4. 
The design and operation of pebble bed 
heaters suitable for hypersonic wind tunnel 
operations are reported in References 9 
through 13. The operating tenperature for 
alunlnun oxide is about 3000°R and for 
zirconiun oxide is about 4500°R. 

In Reference 14, a new type of heater 
using the principle of adiabatic conpresslon 
is discussed. The heater consists of a 
vertical cylinder with a free-travelling 
diaphragn which divides the cylinder into 
two chanbers. The bottom chanber connecting 
with the nozzle is filled with gas of pre- 
deternined initial pressure and. tenperature. 
Cold air at high pressure in the top chanber 
moves the diaphragn downward and conpresses 
the gas in the botton chanber to a high 
pressure and temperature level. A sketch 
of the compression heater is shown in 
Figure 5. A temperature of 6000°R can be 
realized with an initial temperature of 
3000°R. This is illustrated in the ideal 
performance graph for the compression heater 
in Figure 6, which is duplicated from 
Reference 15. These high temperatures will 
allow tunnel operation up to Mach 20. 

2.2.3 Thermal Mixers 

The purpose of the thermal mixer is to 
remove the temperature stratification due to 
mixing of hot and cold air streams or uneven 
heating. Experience has shown that success¬ 
ful mixing can be achieved by: 1) long mixing 
length, 2) swirling motion of the streams, 
or 3) coarse grid screens or perforated plates. 

An efficient mixer usually causes high 
pressure losses. A typical thermal mixer 
design is shown in Figure 7. 

2.3 Nozzles 

The objection to the use of two-dimensional 
nozzles for high Mach number operations was 
stated in the Introduction. One of the main 
difficulties is unsymmetrical thermal 
distortion in the throat region, which is 
caused by the high heat transfer rates which 
result from turbulent boundary layer growth 
at the throat. Many complicated engineering 
problems in cooling and fabrication of the 
throat section result from this process. 

It has been stated that the advantage in 
using the two-dimensional nozzle is the 
achievement of variable Mach number with one 
pair of flexible walls. However, in hyper¬ 
sonic flow the high tenperature gradients in 
the throat region necessitate minute adjust¬ 
ments in throat height to compensate for 
distortion; this Introduces sealing, insula¬ 
tion, and motion problems which are not 
easily overcome. 

Moreover, the three-dimensional thermal 
distortion in the two-dimensional throat 
section (which may be reinforced with ribs 
or without ribs as shown in Figure 8) can 
generate disturbances downstream in the test 
region. Therefore, the two-dimensional 
nozzle is impractical for high Mach number 
applications. 

The axlsymmetric nozzle has a minimum 
wetted surface area at the throat; the heat 
load, therefore, is lower than that of the 
two-dimensional nozzle. The smaller throat 
surface results in less thermal expansion 
which will not disturb the test region flow 
appreciably. 

The methods for computing perfect fluid 
contours, boundary layer growth, and related 
aerodynamic problems for the rotationally 
symmetric nozzles are discussed compre¬ 
hensively in Section 3. 
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2.4 Test Sections 

The genertl requlresents for the test 
section design are as follows:- 

(a) It sust be possible to sonnt a sodel 
support of sinisas blockage area 
securely so that it will provide 
nultl-degrees of freedos with all 
sodels to M tested. 

(b) It oust be possible to install viewing 
windows for observation of the flow. 

Since no difficulty exists in sounting 
the viewing windows in the two-dlsenslonal 
nozzles, the test sections can be nade 
closed. At Mach numbers above 5, flat 
windows can be mounted in a closed test 
section for an axlsymsetrlc nozzle, since the 
disturbances created by the resulting dis¬ 
continuities cross well downstream of the 
model. For axlsymmetric nozzles at Mach 
numbers below 5, however, it is sometimes 
necessary to mount curved windows, which are 
not only impractical from an engineering 
standpoint, but optically undesirable. 
However, by making a free-jet test section, 
flat windows can be easily installed. The 
temperature on the windows will probably rise 
slightly above ambient due to the small 
amount of mass transfer from the boundary of 
the jet. Figure 9 Illustrates a typical 
free-jet test section. 

Certain other advantages are obvious in 
using the free-jet test section: 

(a) There is more space for maneuvering 
models. Thus, models can be ejected 
outside the test region during start¬ 
ing and stopping. 

(b) With a larger test area, the mechanical 
and structural design of the model 
supnort is relatively simple. 

(c) By regulating the plenum-chamber 
pressure, desirable jet expansion may 
be obtained. 

Experience has indicated that larger 
pressure ratios are usually required to 
start and run a free-jet nozzle in coaparison 
with a closed:Jet nozzle. Discussion of the 
two modes of operation will be given in 
Section 3. 

2.9 Diffamera 

2.5.1 General Considerations 

The theoretical aspects of supersonic and 
subsonic diffuser processes are still rela¬ 
tively unknown. The geometry of supersonic 
diffusers is arbitrarily based, therefore, 
on the best experimental data available. 
Converging-diverging diffusers are commonly 
used for supersonic wind tunnel circuits. 
Such configurations usually provide the best 
recovery and stability in the test section 
flow because the shock system in the diffuser 
can be located near the second throat region. 

Diffusers can be either fixed or adjust¬ 
able. Fixed diffusers are economical, but 
undesirable if the tunnel has a large Mach 
number range and the objects under test vary 
considerably in size and shape. For maximum 
recovery, it is always desirable to use the 
variable diffuser. However, the cost of 
adjustable diffusers is many times the cost 
of fixed ones. 

The design procedures for diffusers in 
hypersonic operation are similar to those for 
supersonic wind tunnels except that the 
diffuser walls should be thermally protected 
because of the high supply temperatures 
required for hypersonic operation. 

In addition to the thermal protection of 
the diffuser walls, the recovered flow should 
be cooled to a desirable temperature level 
for exhaust to the atmosphere or return to 
the compressor inlet in continuous operation. 

2.5.2 Fixed Diffusers 

The simplest geometry for a fixed diffuser 
is a straight circular pipe 8 to 15 diameters 
in length. This simple diffuser can easily 

i 
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be connected to the pick-up scoop of the 

free-Jet test section regardless of whether 
the nozzle exit is two-diaensional or 
rotationally syanetric. In a closed test 
section, a transition piece will be required 
if the nozzle is two-diaensional. 

A more effective diffuser is the conical 
xed-diffuser. A gradually converging cone 

is followed by a straight section of approx¬ 
imately two to ten diameters in length. This 
section is followed by a diverging section 
as shown in Figure 10(a). With this con¬ 

figuration, a fixed second throat is provided. 

2.5.3 Adjustable Diffusers 

Since the mixing of the flow in the 
diffuser is a very complex process, solutions 
have not been found except on empirical bases. 
The existing technique of adjusting the 
second throat area to optimize starting and 
running ratios seems to be quite successful. 
For a particular tunnel circuit, however, 
better recoveries may be obtained with 
additional adjustments in the other parts of 
the diffuser. This usually involves laborious 
research and high cost in fabrication, and 

the configuration so obtained in a particular 
tunnel cannot generally be applied to other 
tunnels. 

The second throat area in conical 
diffusers can be adjusted by sliding a 
center body cone along the axis of symmetry. 
However, little success has been reported 
with this configuration. 

The conventional two-dimensional adjust¬ 
able diffuser with single Jacks at the 
second throat is still a favorable design. 
Experience indicates that the design criteria 
for the most efficient two-dimensional 
variable diffuser suitable for hypersonic 
operation are as follows: 

(a) Total length of the diffuser should 
be at least ten times the entrance 
height. 

(b) Contraction-ratio range, that is, the 

diffuser entrapce height to second 
throat-height ratio, should be from 
five to ten. 

(0 Total contraction - angle range should 
be about 15° to 18°. 

(d) Total expansion angle downstream of 
the second throat should be below 12° 
preferably 6° to 8°. 

(«) Exit area should be about one and 
one-half times the tunnel test section 
area. 

.. -- ---- — - wjhiubi two-aimenslonal 

2« 6 Ejectors 

ftie of the main requirements for operating 

tUnnel 18 8 hlgh measure 
(yP« betWeen the 8tllli“8 chamber 

and diffuser exit. With efficient diffusers 
experimenta! data, which will be discussed 
in the performance section, indicate that 
hypersonic tunnels with empty test section 
can be started at slightly higher than the 
normal-shock pressure ratio of the test 
section Mach number, i.e., one may assume 
one-dimensional flow with a normal shock 
separating the flow fields. The running 
ratios will usually be below the normal shock 
ratios. 

As Mach number increases, the normal-shock 
ratio increases at a much larger rate. For 
air (7 =1.4) 

fo = «Í +5 
e (2) 

For example, at Mj = 2.0 

M! = 
P0/Pe is only 
P0/P- yy 8t Mi = 10.0, P0/Pe 18 328. 

,,0 *íniPlí?.S that 8 sta*nati°n pressure of 
tae atmospneric pressure will be 

necessary to start a Mach 10 nozzle if the 

lr is expanded to atmospheric pressure at 
the exit of a blowdown wind tunnel. The 
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storage pressure P, uust be greater than P# 
if appreciable run tiies are to be achieved 
in blowdown operation. Such high pressure 
levels result in high cost compressor Systems 
and pressure vessels; blowdown to atmospheric 

pressure, therefore, is impractical. 

High pressure ratios can be easily achieved 
by ejecting the exit pressure P, below 
atmosphere. One of the convenient methods 
is to provide a vacuum chamber or sphere 
at the exit. However, for large test 
section areas the vacuum spheres required 
become enormous. Perhaps an ejector or 
ejector system is most expedient for the 
purpose. The primary advantage in the use of 
ejectors is in the variability of P#. In 
this case, optimized starting and running 

ratios are possible. 

Ejector applications in various engineer¬ 
ing and chemical fields are numerous. Design 
criteria at the present state of the art, 
however, are largely of an empirical nature 
due to the complicated mixing and diffusion 
processes involved and the many associated 
parameters which are not yet related 

rigorously by theory. 

An ejector system generally consists of a 
supply of primary gas, a throttling valve, 
and a Laval nozzle or group of nozzles. The 
most efficient and common gas for the primary 
flow is steam; compressed air or other gases 
are, however, also utilized. About 31b of 
steam are required to eject 2 pound of air 
and possibly 7 lb of air are required to 
eject 1 lb of air. Since the relationships 
are complicated, References 16 and 17 should 
be consulted before any design is undertaken. 

The location of the ejector with respect 
to the tunnel circuit deserves careful 
consideration. Generally, the ejector is 
placed downstream of the diffuser; neverthe¬ 
less. it is quite feasible to locate the 
system immediately downstream of the test 
section or in the second throat region. The 
first location is convenient from mechanical 
and structural standpoints because of the 
larger space available. If the system is 

placed near the test section or the second 
throat region, higher efficiency may be 
achieved, but this requires extensive 

research. 

The number of ejector nozzles required can 
be related to the range of operation. 
Multiple nozzles always Improve the downstream 
mixing as well as the control characteristics 
of the system. The mass flow rate ratio of 
primary and induced flows usually determines 
the value of Pe, it is, therefore, an 
important parameter. 

It should be pointed out that ejectors 
may also be used advantageously in continuous 
tunnels, even though the tunnel circuit 
efficiency will necessarily be lowered. The 
advantage, of course, is to increase the 
pressure ratios, thus permitting extension 
of the Mach number range without Increase in 
capacity of the compressor system. To 
accomplish this, gas is by-passed from the 
exit of the compressor to serve as a primary 
flow for the ejector. An arrangement of the 
ejector by-pass in the continuous circuit is 
shown in Figure 11. 

3. AERODYNAMICS OF AXISYMMETRIC VINO 

TUNNEL NOZZLES 

3.1 Perfect Fluid Contours - 
General Discussion 

3.1.1 Nozzle Aerodynamic Regions 

There are four aerodynamic regions in a 
supersonic wind tunnel nozzle. The con¬ 
traction section lies between the supply 
section and the throat. In this section the 
flow is accelerated from subsonic speed to 
the speed of sound at the throat. The 
expansion region is downstream of the throat 
and extends to the point on the wall where 
the maximum wall angle is reached. Here the 
flow is expanded from sonic to supersonic, 
speed. The wall point corresponding to this 
maximum wall angle is sometimes called the 
point of inflection. Downstream of the 
expansion region is the transition region; 
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here the flow »traightened to becoae 
uniforn and parallel and it reaches the 
design Mach nunber at the exit characteristic 
line. The last region is the test region, 
fall coordinates of the first, second, and 
third regions form a perfect fluid contour. 
The flo* regions described are shown in 
Figure 12. 

3.1.2 Validity of Perfect Fluid 
Theory for Nozzle Desiffi 

In order to achieve uniform and parallel 
flow at the design Mach number in the test 
region of a wind tunnel, the nozzle wall 
should be aerodynamically contoured. The 
shape of the portion of the contour downstream 
of the nozzle throat in the supersonic flow 
region is especially important. 

Experience has shown that the classical 
perfect fluid theory, even at very high Mach 
numbers, is valid for calculating the super¬ 
sonic flow regions of the nozzle, except, of 
course, in the viscous layer near the wall, 
which must be treated by other meanss 

Due to the high supply energy in the case 
of hypersonic nozzles, imperfect gas 
behavior will be introduced in the flow 
field. This real gas effect is small and 
can usually be neglected, except when the 
supply energy is extremely high. Even with 
extremely high supply energy, however, 
imperfect gas behavior occurs only near the 
throat region where the high free stream 
temperature and pressure cause deviations in 
the specific heat ratio. It will be shown 
later that by assuming an initial source-flow 
front, the difficulty in computing the 
expansion region coordinates can be avoided. 
Further, the selection of a low expansion 
angle for the computation of a hypersonic 
contour will tend to minimize the flow 
errors. Since real gas behavior at very high 
supply energy is relatively unknown, the use 
of perfect fluid theory is imperative. 
Fortunately, for most engineering applications 
the theory is valid. 

In general, there are two methods used to 
establish the initial conditions for computing 
the nozzle coordinates: 

Method I. The computation is begun at the 
throat by assuming the shape of the sonic 
surface and either 

(a) expanding the flow through a finite 
angle at the throat, or 

(b) prescribing the wall coordinates for 
a distance downstream of the throat, 
or 

(c) prescribing the Mach number distribu¬ 
tion along the axis of symmetry of the 
nozzle. 

Method II. The coordinates are computed by 
assuming source flow at the inflection point 
and either 

(a) expanding the flow without partial 
cancellation, or 

(b) prescribing the shape of the wall in 
the partial cancellation region, or 

(c) prescribing the Mach number distribu¬ 
tion in the partial cancellation region 
along the axis of symmetry. 

Figures 13(a), 13(b) and 13(c) illustrate 
Method I. In Figure 13(a) the flow is 
expanded through a finite angle at the throat. 
If plane sonic flow is assumed at the throat, 
in axially symmetric flow, the expansion 
through a finite angle behaves in the same 
manner as that in the two-dimensional case. 
Therefore, the expansion region can be 
established by expanding the flow through the 
corner until the design Mach number is reached 
on the axis. In Figure 13(b) an arbitrary 
expansion curve for the wall shape starting 
at the throat is prescribed. Instead of 
expanding the flow at the throat corner, the 
expansion region is constructed along the 
prescribed curve until the exit character¬ 
istic point on the axis is reached. The two 
approaches are analyzed in Reference 18. 
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The third approach is shown in Figure 13(c). 
Here the centerline Mach nunber distribution 
is used to calculate the expansion flow field. 
A flow net can be constructed with the given 
Mach nuaber distribution and the assusptlon 
of a plane sonic surface. Fros the flow net, 
the wall streaallne can be calculated. This 
■ethod was first used in Reference 19 and is 
actually the inverse of the second approach. 

It is also plausible to assuae a curved 
sonic surface instead of the plane sonic 
surface to coapute expansion regions in the 
three approaches discussed. The theory for 
calculation of the curved sonic surface is 
given by Sauer in Reference 20. 

In Method II the flow up to the inflection 
point is assuaed to be source flow, illus¬ 
trated in Figures 14(a), 14(b) and 14(c). 
As in Method I, there are three ways to 
expand the flow to the exit Mach nuaber. In 
the case of naxinua expansion, shown in 
Figure 14(a), the downstrean end of the 
source flow front coincides with the exit 
characteristic point, and the wall coordinates 
say be expressed analytically by Foelsch’s 
net hod21, or the partly graphical and partly 
analytical aethod of Sauer22. In Figure 
14(b) the source flow front does not expand 
iaaediately to the exit characteristic, so 
that a partial cancellation region exists. 
This region can be specified by prescribing 
a aonotonlc wall curve as the boundary of 
the transition region. This results in a 
coaparatively longer nozzle than that of 
Figure 14(a). The third approach, shown in 
Figure 14(c), is the one used in coaputing 
the fanlly of perfect fluid contours for 
this report. In this approach, as in Method 
II b, the source flow front is not fully 
expanded. The Mach nunber distribution 
along the axis is prescribed fron the end of 
the source flow front to the exit character¬ 
istic. Fron these conditions the flow net 
in the partial cancellation region can be 
constructed. 

Each method of computing contours has its 
advantages. Whenever the flow is expanded 
through an angle at the throat (Method I a) 

or naxlaua expansion is assuaed (Method II a), 
the nosales will bs shorter than those 
coaputed by the alternate asthods. Pres¬ 
cription of the wall coordinates or partial 
cancellation region in Methods I b and II b 
yields aore accurate results in the sense 
that iteration processes are not necessary 
and other conditions are less arbitrary. 
Whenever the centerline Mach nuaber distribu¬ 
tion is prescribed (Methods I c and II c), 
the nossle length is iaaediately and 
accurately known froa a siaple relation. 

3.1.3 Formlation of Axitymmetric 
Noxile Detign Method 

The first aethod discussed Involves the 
coaputatlon of flow expansion starting at 
the throat of the nozzle. Earlier, it was 
pointed out that, due to the high supply 
energy, inperfect gas behavior exists near 
the throat region. Hence the use of perfect 
fluid theory no longer holds in this region. 
Other difficulties arise near the sonic 
line. The flow equations are discontinuous 
at Mach 1. Moreover, it is known that the 
sonic line is not straight, and it is 
doubtful that the proper curvature of the 
sonic line can be accurately estiaated. All 
these uncertainties indicate that to 
establish the initial conditions by the first 
aethod, i.e., prescribing values near the 
throat, is at least precarious. 

The assuaption of conical source flow has 
obvious advantages. First, the calculation 
of the expansion region coordinates is 
reduced to the problea of fitting a monotonie 
curve to natch the throat geometry. Figures 
15(a) and 15(b) show two types of curves 
which nay be used as expansion curves. A 
circular arc followed by a straight line is 
one type shown in Figure 15(a) and a cubic 
parabola with origin at the point of inflec¬ 
tion is the second type shown in Figure 
15(b). Secondly, the expansion angle can be 
specified as a design parameter. This cannot 
be done if the computation starts from the 
throat. Because the ratio of throat diameter 
to expansion region length is smaller in the 
hypersonic case, the requirement for the 
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sBumption of source flow i» «ore nesrly 

stlsfied. 

Ä rT'.TnoZX^.n 
fields the 8h°r ® curTature will result 

r^tTe ^ontinuit, 

ÄVi-sl^ i» ^ble 
for the following ressons: 

(t) Fabrication of a discontinuity 1» 
( } difficult, as i» leaBureient for 

checking the work, ^thersor« he 
„oint of discontinuity is near the 
throat where space is considerably 

restricted. 

0,, »„«W,..!»!!». “'•"•"ti0' 
flow to conform with the design 

ronditioni-hardly Possible since any 

imperfect gas behatior. such as 
changes in the ratio of specific 
halts changes in gss components. 

»L.tl .r i—= 
lirer growth estimates, can cause the 
perfMt charwteristic P««™ « 

.hilt. 8.cb . .»1«. 
the tcnsltl«» regio«. .111 CM» 

cl ccpr».!«. »»•» »" ‘J* 
renterline reflecting downstream to 

Z u« regie The »«««« ■“ 
a shift may be reduced only if the 
wall curvature is continuous and 
small. Further discussion on focusing 
effects will be given in Section 3. . 

In References 3 and 23 the auxiliary 
. „..jitinns for continuous wan 

boundery l»b.l«.l »<*»1» Me 

rnpt.our for the partial cam. u 
,nH Reference 23 uses a centerliuc «ach 
Vhí«tribution for the same purpose. 

The two epproacbea »hewn lb F g 

„d 14(c) .bo. th. eppllcetlon» oi th... 
auxiliary boundary conditions. 

The advantage in using the prescribed 
curve for the partial cancellation region, 

Tlecceced 1. Reference >. 1. ttot ...- 
tlcclt, 1. higher nr*r dermUMe^ th. 
«11 coordinates can be obtained w aau 
t. the continuity In cnrwtnre. Tbl, hl,‘* 

order «ntl.»«! *• "•“““'.nuí.« ■«11 design. However, the axisymmeir 
i. always .’ixed; therefore there is 

“^particular need for continuity beyond the 
second^order derivatives. Since cont nuous 
curvature is desirable and since nozzle lengt 

is often an important factor, the method 
illustrated in Figure 14(c) is chosen 
the^ozzle contour, listed in this repor^ 
The analysis work necessary to establis 
these contours is presented in Section 3. 

of this report. 

3.1.4 Contraction Contour 

The contrnotion region contoor .hooU be 

, continuous cur... '”''r*b'It0 *!î,ln 
according to potential theory to attain 
uniform flow at the throat. Such a -etod 
is given in References 24 and 25. The 
contour should give rapid acceleration of the 
flow when approaching the throat n or 
avoid excessive boundary layer growth. 

In practice, the design criteria for a 
satisfactory contraction contour may 

summarized as follows: 

(a) A large contraction ratio (of the 
( 1 order .1 »»re the. 10 to 1) bet.ee» 

inlet and the throat. This reduces 
the turbulence level and smooths the 

flow. 

(b) A smooth curve with curvature con¬ 
tinuity at the throat. 

* » 

(c) Damping screens (about 3 to 5 spaced 
about 200 wire diameter apart) should 
be placed at the inlet to reduce the 
turbulence whenever possible. 
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With the above considerations, an 
arbitrary curve preserving continuity at the 
throat will serve as a contraction contour. 

3.2 Perfect Plaid Contours - 
Conputatloo 

3.2.1 Method of Characteristia for 
Axitymmetric Flow 

3.2.Í.Í Theory. It Is convenient to use a 
cylindrical coordinate systea (z, r) for 
axlsyaaetrlc flow. The scalar fora of 
Euler's equations of notion can then be 
written in the fora 

Bu Bu 

ubï + tb7 = 

Bv 3v 

U 3z + T Br 

i Bp 
pBz 

i Bp 
pBr 

(3) 

For isentroplc conditions the terns on the 
right hand side of (3) become 

3P _ ,3 
Tz - a2 

BP 
5r 

If 
ï = -If f 

(4) 

where a is the local speed of sound which is 
related to the stagnation value a0 by the 
equation 

•’ = *• ' T (5) 

The continuity equation for compressible 
steady flow in cylindrical coordinates is 

3(pu) + 3(py) + pv 
Bz Br (6) 

The condition of irrotationality gives the 
following relation 

By 3u _ „ 
Bz Br (7) 

This allows introduction of the velocity 
potential ¢: 

Bz 

* = ^ = V 
Br T 

and *sr= b TS 

(8) 

Coabining Equations (3) through (8), the 
partial differential equation for axi- 
syaaetric, supersonic, irrotatlonal, isen- 
tropic and steady flow is obtained: 

(a2- + 

+ (** - ^Xr + 7^r = 0 (9> 

Substitution of A, B, C and D for the 
coefficients in (9) gives 

À/> + + tó (10) 

Equation (10) is a non-linear partial 
differential equation of the second order 
with two independent variables, and is 
soaetlaes called a quaai-linear differential 
equation because the derivatives of the 
highest order are linear. 

The solutions of Equation (10) consist of 
three types depending on the signs of the 
quantity B2 - AC: 

(1) Hyperbolic Type: B2 - AC > 0 

(2) Parabolic Type: B2 - AC = 0 

(3) Elliptic Type: B2 - AC < 0 

In supersonic steady flow such as in 
Equation (9), the equation is of hyperbolic 
type. The hyperbolic differential equation 
can be solved by the well-known method of 
characteristics. 

11 
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The fluid properties are continuous in 
the supersonic flow reglas, therefore it is 
permissible to express the deriratiTes of 
the Telocity coaponents, <t>z and 4>t, in terns 
of the physical coordinates: 

A(dr.dÿr - dz.d08) + D.dz2 - 2B.dz.d0r 

A.dr* - 2B.dz.dr + C.dz* 
(13c) 

^zzdz + ^zrdr 

K** + ^rrdr 

(ID 

When the numerators and denominators of 
Equations (13) vanish simultaneously, </>M. 
4>zt and <t>TT are indeterminate, and thus nay 
be discontiLuous. 

It can be shown that the characteristic 
curves obtained as solutions to Equation (9) 
correspond to Mach lines which are generated 
in the actual flow. 

These curves are known as hodograph 
characteristics when expressed in terms of 
the velocity components (<t>z, <t>T) and physical 
characteristics when expressed in terms of 
the space coordinates (z, r). 

The solutions sought to Equation (9) are 
lines across which discontinuities in 
velocity can exist. These are obtainable by 
solving for the derivatives in Equations 
(10) and (11): 

A.0ZZ + 2B.<¿zr + C.0rr 

dz.0zz + dr.0zr 

dz.^r + dr.<£rr 

D 

(12) 

Equating the denominator inEquations (13) 
to zero and solving for dr/dz gives 

/dr\ _ B t/B^~ÃC (14) 

Wr.l A 

where R and L refer to the ‘right-running’ 
and ‘left-running’ characteristic curves 
corresponding to the positive and negative 
signs in Equation (14). Equation (14) is the 
differential equation for the projections 
of the characteristic curves in the physical 
plane. By substitution of values for A, B 
and C from Equation (9), (14) becomes 

/dr\ _ .uT*»V + T*-_a* (i5) 

Wr.l 

In a similar manner can be found by 
equating the numerator of any of Equations 
(13) to zero. For example, solving (13b): 

These may be regarded as simultaneous linear 
algebraic equations in the variables <ílzz> 

and $rr* ss shown in Equation (12). 
Solution of the system for 4>zz. 4>zr and <t>TT 
gives 

^zz 
D.dr2 + C(dz.&ftz - dr.d0r) - 2B.dr.dtftz 

A.dr2 - 2B.dz.dr + C.dz* 
(13a) 

^-r = 

A.dr.d0z - D.dz.dr + C.dz.d0r 

A.dr2 - 2B.dz.dr + C.dz2 

C\dzA.L C 

B ± /B2 - AC D 
-+ — 

c c 

Substitution for A, B, C, and D gives 

/dv \ uv ± a/u2 + V2 - a2 

(16) 

ft2v 1 /dr\ 
(17) 

(13b) 
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Equation (17) gives the slopes of character¬ 
istic curves in the velocity plane in tens 
of <t>z, 4>t and r. 

The solution of (9) is now reduced to 
solving the four slnultaneous characteristic 
equations given by (15) and (17). Ezaalna- 
tlon of these equations indicates that 
direct solutions are unobtainable, therefore 
nuaerlcal aethods are necessary. 

3.2.1.2 Numerical procedure. It is con¬ 
venient to express the velocity coaponents u 
and V in tens of V and 0 where V is the 
local fluid velocity and 6 is the direction 
of the velocity vector with respect to the 
(z,r) coordinate systea as shown in Figure 
'16a). Thus: 

and 

U = VCOS0 

V = Vsln0 

du = cosö.dV - Vsinö.dö 

dv = sinö.dV + Vcosö.dö 

(18a) 

(18b) 

Substitution of (18a) and (18b), and of 
sina = a/V into (15) and (17), gives, after 
siaplificatlon, along ‘right-running’ 
characteristics: 

dr 
— = tan(ö-a) 
dz (19a) 

cota sin#, sina dr dö + _dV . _ = 0 (19b) 
V sin(#-a) r 

and, along ‘left-running* characteristics: 

dr 
— = tan(#+a) (20a) 
QZ 

cota sin#, sina dr 
d# - -dV +-- o (20bï 

V sin(#-ta) r ( ) 

Equations (19) and (20) can be solved by 
the so-called 'lattice-point aethod*, that 
is, by the construction of a Mach net in the 
Physical plane. The procedure given in 
Reference 26 is used. 

Introducing q = v/Vu 

and Q = 

F = 

G = 

cota 

Q q 

where M = 

(21) 

(22a) 

(22b) 

rrlrr?) (23a) 

8ln#.sina 

sin(#+a) 

sln#.slna 

sln(#-a) 

s in i) (23b) 

and replacing the differentials in (19b) 
and (20b). 

(^3 ■ ÖJ - Q^q, - qj) + 

+ -1 (r3 - rj) = 0 

(03 * ^,) + Q2(q3 - q,) . 

* ^ (r3 ’ r2> = 0 
r2 

(24) 

where the subscript ‘1* refers to a known 
point on a ‘left-running* characteristic, 
subscript ‘2’ refers to a known point on a 
‘right-running’ characteristic and subscript 
‘3’ refers to the point of intersection of 
the two characteristics, which is to be 
determined as shown in Figure 16(b). 
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-wrrrrr/01"”"“ 
<>••> «d (s,)- 

1 «d 2 tolTOtîdXr*”*111" “ 

- ä» + a 
ai = "V1 s = îii** 2 * 

g = *1 + *1 - g+ß 
i " —r—i 9, = _i__p2 

2 2 

í8 0bt^d fp<* -itber of the 
ri = 

rs " pj + (2j - tanfgj-ta^ 

r3 - r2 + (z, - z2) tan(g?-u2) 

= P. + pS 

(29) 

(26) 

« 

cm now be found by eliai».*« a 
(24). Thus, ,, „ ‘ ’ ,r0* 

^ " «I + «;f‘<l‘ + ’At7j(r,-r1)* 

* 7]tr> ■ r»> * e, ■ »,] (2,) 

obt,i"ed frM 

(22),' S?°id (M)5’' f‘ 5i rr0Ê (21). 

‘.’ÄX“«.“'0-43'*"“” 
BmtiOM (25) through (25) ni.'“"'" 
■W b. repeated u „"*■ »“’«d»™ 

«dTC « «• d“.XX 

•W deelred ioXif lt’r“l0M *» 

p-i'rrL'p.’.rr.’rerr*",’“" 
•JMetrj, eh,« r . ! ".the *«« of 
However, the ina+ ^ ”2 ~ “ ^2 = 0. 

readily evaluated fro."? reíaU*« be 

P 

(28) 

^ = e2 * «2Íq3 * Qj) f —(r . r ) 
r J 2' r2 

«“MaC,T«S,T.ra‘>»d 

'i- r- 
Iterations are no,.« 4 the 80lution. necessary to cnnvoe-«« +- +1 
solution. The nunber of it^V.U,e 
depends on the «mh 4 “ ratlon8 required 
rol«, te, lt,rl,f'“ “ü of - "«<• The 

iteration are the following: 

“■ r<r, - r.) = » 
1 .“•n r. 1 3 r-o ri 

e1~‘o 

■* ■ -r’ = *. r2-*o r2 
ûfo 

(30) 

büü»the t'r“ “»—'■«loo for poiet j 

q3 = qiQi * dpQ, 

+q2 
(31) 
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e _ y«» • qj) 
* 2 

e = Q»(q» ~ g») 
« (32) 

After the first approxiutlon, the Itérât loo 
procedure is the sue as outlined for the 
'general point’ due to the aversclng pro* 
cedure used In Equation (29). 

As In tto-dlsenslonal nozzles, there is • 
■axisus allowable expansion angle ^ M| 
associated with the exit walue 0,, la 
axisyanetrlc nozzles. This angle, according 
to Reference 21, Is equal to 

^A sax = = aax 

Therefore should always be less than 
0,/4 for an axisywsetric supersonic noznle. 

In case either point 1 or point 2 is on 
the axis of syaaetry, the equations for the 
first approxlaatlons for q, and d, can be 
derived In a slallar aanner. 

The numerical procedure described here 
allows a step-by-step conputation of the 
flow net once the initial conditions are 
known. 

3.2.2 Initial Conditions 

3.2.2.1 Noi'le design paraneters. The 
design aethod foraulated in Section 3.1.4 
allows flexibility In selecting the nozzle 
design parameters. These parameters are 

a. Test section Mach number, M, 

b. Nozzle expansion angle, &A 

c. Length of partial cancellation region, 
77 

d. Specific heat ratio at frozen equili¬ 
brium, y. 

In general, the Mach number In axisymmetric 
supersonic isentropic flow is associated with 
the expansion angle which equals one-half 
the value of the Prandtl-Meyer expansion 
angle. The Prandtl-Meyer relation is 

- tan* Vfi*-T (33) 

If the length of the nozzle is defined as 
the shortest nozzle shown in Figure 14(a), 
then with the origin at the source point 

In the case of the shortest possible nozzle, 
point B on the axis coincides with C, and is 

the exit characteristic point; (A/A*),, 

there, equals (A/A* ), as shown inFigure 17(b). 

We nay conveniently choose the length of 
the partial cancellation region as ttL. 
Thus, the total length of the nozzle is 
(1 + 77)1 as shown in Figure 17(a). 

If the gas is different from air, the 
appropriate specific heat ratio must be used 
to compute the contour. 

3.2.2.2 Centerline Mach number distribution 
It has been stated that the auxiliary bound¬ 
ary condition for achieving curvature con¬ 
tinuity at the wall is continuity in Mach 
number gradient along the axis of symmetry. 
It is also desirable to make (d^/dz*), 
continuous in addition to (dM/dz),. It 
requires only a slight amount of extra labor 



to fit soch a function betmn BC, as shown 

con/itT IntultlTely* this additional 
condition tends to refine the continuity 
Properties along the wall contour. 

ln co*putln« * "»her of con- 

sttietying Vh*8 th‘; alB08t Action 
suitable f A® “0“' ,l#ntlone‘l is 

The aethod used in this report is illu«- 

length of BC is 2nL; and 

sB = iosc^).^ (38) 

Also, due to the source flow assuaption 

4 

■mhh- 
(40b) 

where k = y • i 

y +1 

At the exit characteristic, point C. 

ZB = Rol 

, 1 /6a\ C - -CSC -Û +nL 

M = M c 

(41) 

r+i 
_ Rfr 2 y - i 

M| y + 1 + y + i MbJ (39> 

ilthCo3n be f0Und ir0a (39) by ««»ton's 

It should be observed that there is an 
upper liait in choosing the n tor given M 

(ZB * R )/L ^18 1ÍBÍ¿ 18 8UCh that 77 < 

tJr^**?* dlfferentlations of (39) give 
the following expressions: 

A fifth degree polynonial aav be 

Ä:rro/M) •*- 
M " “i * [vzc - z)3 + Sj(sc - a)" + 

+ 8?(zc-z)5] (42) 

T1“8'1"* the Efficients of (42) 
the boundary conditions are as follows: 

z = z ■B 

M = M, 

M = M, 

M = ij 

B 

'B 

'B 

Z = ZC 

M = 

M r 0 

il = 0 

(43) 

(40a) 

threeflinear0’iaVand can be f°und from 

«o- mZ'vT 
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*o+ kX+ 

3k*â0 + 4k|.1 + 5k>, 

6k2t0 + lakjtj + 20k*a2 

It is lore convenient to poire (44) by the 
Mtrlx lethod for the purpose of prograalng 
• digital computer. Expressing (44) by s 
■atrix equation, we have 

k3 k* k* .*2 *2 ‘2 

3k3 4k3 SkJ 

6k 2 i2k; 20k; 

(45) 

The solution of (45) Is 

-i 

3k; 4k; 5k; 

6k 2 12k; 20k; 

(40) 

Hence a0, a1 and a2 can be easily obtained 
by inversion of the matrix in (46), whence 

Figure 17(a) shows the Mach number distribU' 
tlon found by this method. 

3.2.2.3 Conical source flow front. It is 
shown in Figure 17(b) that the flow angle of 
the conical source flow front varies from 
psro at point B (on the axis) to at the 
point of inflection A. The relation between 
the local angle and the Brandt1-Meyer angle 
is simply 

« = 
p 2 2 

(48) 

V'b W7 be calculated from (33) and (39). 
Therefore, 

Í* = i±.et 
2 2* 

(49) 

Knowing 6^, MA may be obtained by Newton's 
method from (33). Thus, i/l can be found 
from 

“p = “B * £ - “a) (50) 

where ^ ^ mb an<* p v&rles from zero to 
N, which represents the number of divisions 
of the flow front used in developing the 
characteristic net. 

The coordinates along the source flow 
front are given by: 

where Rp 

(21). 

ZP = Rp cos ep 

rp = Rp sin 0p 
(51) 

as given by Reference 

in (51) is calculated from (48) for a 
given Mp obtained from Equation (50). 

3.2.2.4 Expansion curve. By assuming the 
existence of a source flow front, the 
expansion region curve is arbitrary as long 
as the curve is continuous and monotonie and 
meets the following boundary conditions: 

17 



dr 
— = O 
dz 

dr 

dz 
tu 0A 

(53) 

dz* 
0 

The staplest curve satisfying (53) is 
used for the coaputations presented in this 
report. This curve is a cubic parabola in 
the (x, y) coordinate systea about A, as 

shown in Figure 15(b): 

y a x (54) 

A new ‘right-running' line J, can be 
established by starting with the Mach 
numbers along the centerline ud the source 
flow front J0. A succeeding line J2 nay be con¬ 
structed with anew point on the axis ud the 
previously coaputed values of J j. The flow 
net cu be conpleted by stepwise coaputation 
of the J’s until the exit of the nozzle is 
reached. In the beginning, the coaputation 
of each ‘right-running* line starts froa the 
axis of synmetry. When the axial dlstuce 
of the first point on the J line equals zc 
the coaputation of the next J line begins 
froa the ‘exit characteristic’. Hence, the 
lengths of J’s decreue as they approach the 
nozzle exit. The coordinates for the ‘exit 
characteristic’ are calculated from the 

formula 

The coefficient a cu be obtained readily 

from the condition 

sin30A sec0A 

6.75(rA - rt)2 
(55) 

ud the coordinates in the (z, r) system are 

P 

Ñ 

(58) 

z = -- (X cos0A + y sin0A) 

r = rA - (X sin0A - y cos0A) 

- (56) 

The curvature at the throat is 

Along the ‘exit characteristic’, the Mach 
number equals M1 and the flow angles are 
zero; therefore the line is straight. The 
construction of the flow net is shown in 
Figure 17(b). 

I = (i)_^ , .■ (57) 
pt \3 j(rK - rt)(l + tan0j()3/2 

Another convenient curve may be used for 
the expansion region, as illustrated in 
Figure 15(a). The advutage of this curve is 
that the curvature can be specified before¬ 
hand. However, the intersection of the 
circular arc and the straight line results 
in a curvature discontinuity which may not 
be desirable. 

3.2.3 Transition Region Computation 

3.2.3.1 Flow net. Having established the 
initial conditions, the transition region 
can be computed by constructing a Mach net 
using the procedure formulated in Section 
3.2.1.2. 

3.2.3.2 Wull coordinates. Since the flow 
angle at the point of inflection (zA, rA) is 
known, initial direction of the wall stream¬ 
line is known. The wall coordinates may be 
computed starting from the initial direction 
proceeding downstream crossing the ‘right¬ 
running’ ud 'left-running’ characteristics 
in the flow net until the exit characteristic 
is reached as shown in Figure 17(b). 

The present method assumes a first order 
approximation or linear variation in the 
unit quadrilateral net. The flow conditions 
at points Ü, V and W arc given as shown in 
Figure 18. To start the computation, Ü is 
equal to point A, ud, in general, the flow 
condition at U has been obtained through 
computation of the previous quadrilateral. 
V and W may be the intersections on the 
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quadrilatéral of either the J linee or the K 
linea; i.e., the ‘rl|ht>runnlni’ or the 
,left-nmnin|' lines, depending on the «all 

atreanllne paths of 8 and S'. Q la the 
unknown point to be calculated, and It 
beeoMS a new point on the wall streaallne 
subsequent to D. In the computation of the 
next quadrilateral Q bacanes D. The procese 
is Illustrated In Figure 18. The calculation 
la written as follows: 

tan0Q - tan0w 

\ • tan0w 

The unknown zQ lies between zv and zv; 
therefore It Is necessary to calculate the 
Zq’s fron all the conblnatlons of and tj2 
and scan for the correct Zq. With a high 
speed conputer this can be easily done. 

Fq and tan 6* nay be obtained fron 
substitution of Zq Into (99). 

When V and V are on the exit character* 
latlc line, a new fornula should be used to 
replace (61) because of indeterninacy: 

(*v ” “ r«) * (tanöjj ^ 

* tangw)zD3 2(rv - r^z, 

9 " /2<rv - rw) - 

\ - (Zy - zw)(tanö0 + tanöw) 

= ^(tanöq + tanöjj) (60) 
*Q " 2 

Solving (59) and (60) 

*Q = ± A\ - 4t)2) (61) 

where 

7?! = (Z0 + Zw) + 

1 r 

(tanöy - t«nöw) 2^rv rw^ 

- (Zy - z|)(tanöu + tanöw)] (62a) 

^2 _ ZÜZ» + 

+ (tanöy - tsn0w)[2(Zv ' ' r*) + 

3.2.4 Fall Coordinates at Equal 
Axial Increiunts 

The coordinates of the expansion region 
and the transition region constitute the 
perfect fluid coordinates fros throat to 
exit of the nozzle. Fop fabrication it is 
desirable to have the coordinates listed in 
equal axial Interval Increments instead of 
the Interval Increments resulting from the 
computation. 

One method of achieving equal spacing of 
coordinates is to Interpolate by third order 
divided differences. This is equivalent to 
fitting a cubic through four adjacent 
points, and solving for radii at equal 
Intervals along the axis. The interpolation 
for each group of four points is performed 
in the middle interval except in the first 
and last, groups. To express this mathematic¬ 
ally, consider four adjacent points, (Zj, rj) 
••••(*1+3, ri+a)i the points corresponding 
to equal axial intervals in z where z1+1 
z ^ z1+2 are found from 

r = fi + (z - zi)tllil + 

+ 2(rv - r^z* - 

- zv(Zy - ZjHtanfy + tan6w)] (62b) 

+ /fr . »w \/** . ** N 

[Z ziMZ zi+i)ri,i+i, i+2 

+ (Z - Zj) (z - z1 + J)(z - 

Zi + 3)fi, 1+1,1+2.1+3 (64) 
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■here 
fi = ft 

rl+i ' ri 

Bi+i " zi 

fl.i+l,!** " *i+2 * *< 
► (65) 

^1, i*x. i+*> f** 

Bi+j - 

Rils procedure le illuetreted lu Pliure 1». 

3.2.5 Computation of a Family of 
Perfect Fluid Contours 

3 2 5.1 Computer routine. It was soon 
found that aanual co.putation of axi- 
sy-etrlc perfect fluid contours using the 

■ethod of this report is a B08t 1&b°* 
task. Howeyer. the procedure is readily 
programed in a high speed electronic digita 

coaputer (e.g. the IBM 704). Por ex“plJ; 
an abbreviated flow chart de8®ribing th 
computing sequence is given in Figure 20. 

The average machine time required per 

nozzle contour is slightly over two minutes, 

using: 

(a) N = 20 along the source flow front 
and the exit characteristic line. 

(b) All numerical operations carried to 
eight significant figures, i.e., the 
full accuracy of the computer routine. 

M M and 0.: tolerance of 5 x 10 ‘ in 
the flow net computation, thus 

resulting in about three iter8ti°"® 
per flow net point. It is estimated 
that manual computation of a typical 
contour would require more than one 

fwon-ypgT*, 

2 5 2 Description of tabulated data. In 
ppendix I. 46 perfect fluid contour 
oordinates are listed. The first three 

lines contain the design parameters and other 

constants of interest. Column heading 

define the other quantities listed. 

At the beginning of each table the 
coordinates which contain no informationin 
the Mach number column are the coordinates 

In the expansion region, i.m.. fr 
throat to the point of inflection. Them« 

coordinates are computed from Eq“*tion8J4^ 
through (52). The subsequent coordinates 
with the Mach number entries are the trans 
tion region coordinates computed using 

Equations (59) through (62). 

All the coordinates listed are in uneven 
axial spacings. The equal-spaced coordinates 
have also been computed, and can be obtaine 
upon request. Only one sample of the equally 

ap.ced ..11 co.rdin.tes too«« *'.11' «* 
first and second differences is listed. The 
design parameters for the contour are ^ - 

, 0 10°. Mld r = "t”" 21 f” 
the flow net. wall slope and curvature 
variations as well as the centerline Mach 
number distribution for this contour. 

in Appendix II. five axisymmetric nozzle 

coordinate tables with exit «8ch nuBbe" 
range of 10 to 27 at various specific heat 

ratios are given. These coordin8tes wer® 
computed by the NACA using the method derived 

in Reference 27. 

3 2 5 3 Computational accuracy. To derive 

a general criterion for Predicbi"g 
computational accuracy of the Perfectflui 
coordinates using the step-by-step procedure 

formulated here is almost impossible. The 
accuracy of flow net computation depends, 

generally, on the following: 

(a) Number of divisions N of the source 
flow front and the exit characteristi 

line. 

(b) Limits on iterations and/or number of 
iterations permitted per point. 

(c) Number of J lines. 
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In copputlng the transition wall coordinates, 
the accuracy in assuaing linear war1stion in 
a unit quadrilateral depends on the flow 
net size N. Further, all the computations 
are Halted by the number of digits which 
the computer can handle. 

It is, however, possible to arrive at 
some qualitative information regarding the 
computing accuracy by varying the flow net 
size N, and fixing all the other parameters. 
Thus it is possible to determine the varia¬ 
tion of the exit Mach number from the area 
ratio with N. 

In particular, four contours, at M1 = 8.0 
and 6k = 10°, at N = 5, 10, 15 and 20 were 
computed. 

For each value of N the exit Mach number 
can be found from isentroplc flow relations. 
Therefore, the deviation from the design 
value for various values of N can be deter¬ 
mined as shown in Figure 22. 

3.3 Turbulent Boindary Layer Growth 

3.3.1 General Discussion 

The method generally used to calculate 
the physical coordinates of a supersonic 
wind tunnel nozzle is by adding the so-called 
boundary layer displacement thicknesses to 
the perfect fluid coordinates so that the 
mass flow in each cross section of the nozzle 
Is compensated. This method of computing 
these so-called real fluid coordinates may 
be equally valid for a hypersonic nozzle. 

The last term on the left hand side of 
(66) vanishes in the two-dimensional case. 
Integration of Equation (66) either numeric¬ 
ally or by quadrature say be possible once 
the relationships of Cf/2, H, and the turbu¬ 
lent boundary layer velocity profiles with 
the other variables are established. 

Due to complex non-linear behavior in the 
mechanism of turbulence, these relationships 
cannot be treated by rigorous mathematical 
analysis. In general, they nay only be 
determined empirically for a thermally 
Insulated flat plate with zero pressure 
gradient in a limited Reynolds number and 
Mach number range. 

It is known that the Influences of 
pressure gradients, velocity profiles, and 
heat transfer, as well as the history of 
boundary layer build-up may cause consider¬ 
able deviation in the skin friction law and 
shape factor values determined for a flat 
plate. However, it is generally agreed that 
the use of flat plate data in a region of 
small favorable pressure gradient such as in 
the supersonic nozzle may be quite valid 
provided that the turbulent boundary layer 
velocity profiles are known. Therefore, 
this allows integration of (66). 

Usually, the initial momentum thickness 
may be assumed to be zero or an arbitrarily 
small quantity at the throat for the purpose 
of starting the integration. Sibulkin has 
demonstrated28 that such an assumption will 
not cause appreciable change in the momentum 
thickness at the exit of the nozzle. 

In supersonic nozzles, the existence of 
turbulent boundary layers is usually assumed. 
The growth of turbulent boundary layer may 
be estimated by integration of Karman’s 
momentum-integral relation 

d0 

dj 

+ 0 dr 

r dx 
£i 

A method for approximation of turbulent 
boundary layer development in compressible 
flow was formulated by Tucker2*. This 
method assumes thermally insulated walls and 
that the skin friction behaves according to 
Falkner’s30 low-speed flat-plate relation, 
except that the fluid properties are evaluated 
at the arithmetic mean of the wall and the 
free-stream temperature. 

(66) 
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For supersonic nozzles of Mach numbers 
less than 4, the heat transfer rate through 



the mils is nail and the boundary layers 
are thinner than In hypersonic nozzles of 
the saie length. Even If the estliated 
boundary layer growth is off by a factor of 
2 In the lower Mach nuaber range, the 
potential flow region will not change to a 
great extent. Therefore, Tucker’s aethod of 
approxlaatlng the boundary layer growth Is 
satisfactory. 

In hypersonic nozzles, the boundary layer 
growth is sensitive to heat transfer through 
the walls. The aeasured dlsplaceaent 
thicknesses In several hypersonic nozzles 
indicate that these changes nay exceed aore 
than 10% of the exit height or dlaaeter of 
the nozzles. Erroneous estiastes of the 
boundary layer growth in hypersonic nozzles 
aay change the perfect fluid flow conpletely. 
Thus It is inperatlve that the boundary 
layer paraneters and the skin friction law 
be evaluated by taking account of the wall 
heat transfer. 

Several methods have been derived recently 
for estimating the turbulent boundary layer 
development in compressible adiabatic flow. 
Two of these methods, by Bartz and by Pe.sh 
and Lee, are suitable for engineering 
applications; these will be discussed in the 
next sections. 

3.3.2 Method of Bartz 

In Reference 31, Bartz adopted Tucker’s 
approach to extend the Blasius incompressible 
skin friction law to account for compressible 
adiabatic flow by evaluating the fluid pro¬ 
perties at a temperature which is the arith¬ 
metic mean between the free-stream and the 
wall temperatures: 

a accounts for changes of density, viscosity, 
and heat transfer with tenperatures across 
the boundary layer. 

Assuming one-dimensional isentropic flow, 
the free-stream Mach nuaber albng the wall 
and the radius of the axisyanetrlc nozzle 
nay be expressed in terns of the area ratio 

Hence Equation (66) becomes 

The shape factor H and 6/1 are evaluated 
according to the following equations: 

where 
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The Bolution of (73) le 
For flow on n fl»t pinto of Prnndtl 

nnaber eqanl to unity, Ä = 8. Eduntion (71b) 
in the eue ne Crocco’e teiperntnre dln- 

trlbntion: 

^ . T - !:*(!• Ii\i. 
■p ■ % ' t.’VT. tj". 

(: 
(72) 

The boundary pnrnnetere, H tre 
functione of M. W y and A/8 and theae 
taluee can be preecribed along th. no«!« 
«11. The proceduree for calculating (71a) 
through (71e) reduce to eTaluating two 
definite integrale. Values of these integrals 
oyer a wide range of paraieters are tabulated 

in Reference 31. 

All the paraaeters in Equation (70) are 
in tens of x. Therefore the «^b of the 
momentum thickness along the wall. ^Tti^ 
with zero or an arbitrarily small quantity 
it the throat, can be calculated by numerical 
integration of (70). The 8*(x) walues can 
also be obtained from the known H(x) values. 

The advantage in this method is its 
simplicity. It is noted that Equation (70) 
may be integrated by simple quadrature if it 

is written as 

d5 
— + P(x)0 = ftd) 
dx 

(73) 

d. is the initial momentum thickness at the 
throat, that, is, where x = o. 

It is seen from (74) that the momentum 
thickness at any station may be explicitly 
determined once is given. 

3.2.3 Method of Perth and Lee 

Another method formulated by Persh and 
Lee32 is of interest. Persh has extended 
Donaldson’s turbulent boundary layer skin 
friction law33 by relating the exponent n of 
the power law velocity profile with the 
Reynolds number based on momentum thickness 
Re«. The relationhsip of Ree and n is 
obtained by equating Donaldson’s incom¬ 
pressible skin friction equation with the 
Karman-Schoenherr incompressible skin 
friction law as illustrated in Reference 32. 
Thus the local skin friction coefficients for 
compressible turbulent boundary layer with 
wall heat transfer are as follows: 
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To solve for cf in Equation (75a) with 
Ree given, one lust first obtain T„/Tl froa 
the siwultaneous relation of Tj/T,, and 
«l/Uo, in Equations (75b) and (75c). The 
quantity 6/h and the other boundary layer 
par saetera are calculated in a wanner similar 
to the Bartz method, in Equations (71a) 
through (71e) except: 

(a) The exponent n in power law velocity 
profile is made variable. 

(b) The temperature boundary layer profile 
has the same thickness as the velocity 
profile. 

(c) Recovery factor is accounted for in 
the temperature profile. 

Crocco’s temperature distribution thus 
becomes 

For starting the numerical integration of 
Equation (66), may be assumed to be zero 
either at the throat or a short distance 
upstream of the throat. It should be noted 
that the numerical integration must be 
carried out stepwise since the local skin 
friction coefficients depend on the momentum 
thicknesses. 

A table of boundary layer parameters 
8*/8, 6/S and H with varying n and wall heat 
transfer rates for the Mach number range of 
0 through 20 have been computed and are 
tabulated in Reference 34. 

J.3.4 Concluding Remarks 

The reliability of using the aforesaid 
methods for calculating the boundary layer 
growth in hypersonic flow is questionable 

owing to the uncertain assumptions used in 
these methods. These assumptions were 
necessary at the time to establish the methods, 
due to lack of experimental data. However, 
these methods are valid for use of hypersonic 
wind tunnel nozzles when the pressui-e 
gradients along the nozzle wall are moderate 
and favorable. 

Perhaps better results may be achieved if 
the boundary layer growth is calculated 
starting froa the exit of the nozzle and 
moving towards the throat. This will be a 
more realistic approach since we are inter¬ 
ested mainly in obtaining the design exit 
Mach number for a particular wind tunnel 
nozzle. The estimation of 8* is relatively 
simple since there^are a number of experi¬ 
mental surveys of Sj'b on various hypersonic 
nozzles listed in Table I. Most of these 
data are reduced from References 35 through 
38; the recent ones (BRL, AEDC, NCR, and JPL) 
are obtained through private communications 
since these data have not yet been published. 

By plotting 8*Rel/5/x*/5 vs M1 at 
various heat transfer rates, we may fit a 
design curve as shown in Figure 23. The 
data for certain two-dimensional nozzles are 
badly scattered. However, these data were 
taken along the centerline of the contoured 
walls where the 8^s are thicker than the 
average boundary layer thickness, as illus¬ 
trated earlier in Figure 1. Thus, the 
design cur/e in Figure 23 is purposely 
chosen to be slightly lower than the data 
suggested. 

Using the design curve, 8* for any nozzle 
may be easily calculated once the supply 
conditions and the length x of the nozzle 
are given. Knowing 8* we may obtain from 
the shape factor at the exit of the nozzle. 
The shape factor may be calculated from pres¬ 
cribed conditions of the nozzle. Integration 
of Equation (66) using the methods discussed 
may be performed with 6i as initial momentum 
thickness. 

It is obvious that the probability of the 
nozzle conforming to the design exit Mach 



nuBber is greater If calculation of the 
boundary layer growth is according to the 
realistic approach. It should also be 
pointed out that liproveaent of the design 
cum on Figure 23 csn be sade if sore data 
are gathered. 

3.4 Nossle Cut-off Point 

In hypersonic nozzles the length to 
exit half height (or radius In axlsymetrlc 
case) ratios are auch larger than in the 
supersonic case due to the low Mach angle. 
Moreorer, the great length conblned with the 
generally high supply teuperature results In 
thicker S* growth. Shortening the nozzle by 
Quitting a section near the exit will not 
only reduce this excessive boundary layer 
growth, but will also optiuize the size of 
the usable test region. 

3.9 Focusing Effect Due to the 
Vail Errors 

It Is well known that the wall ordinate 
errors In a supersonic axlsyuaetrlc nozzle 
can cause the Mach waves to becone con- 
pression shocks which will focus on the 
centerline and generate downstrean to the 
test region. Hence care mat be exercised 
in the design and fabrication of the nozzle. 

The exact criterion for deterulning the 
allowable wall errors is unknown. However, 
by som staple assuuptlons, i.e., considering 
a two-dinensional unlforu and parallel flow 
field in a straight wall channel, an 
approxinate foruula for allowable errors in 
wall curvature nay be derived. 

The usable test region lies inside of the 
actual boundary layer, 8. The tabulated 
data in References 29 and 34 show that this 
layer is approxiuately 1.58» for a Mach 
nuuber range of 8 through 12. Hence the 
naxlnun usable test section height is 
located at a point given by the following 
relation: 

d(r + 8* - 8) d(r - 0.58*) 
-:- *-- o mi 

Figure 25 shows that the ordinate error 
Ar to the first order nay be expressed 

Ar 
Az2.sin2a 

r 
lAz2 

r M2 
(78) 

where Az is the interval along the z-axis, r 
is the ordinate, and M is the flow Mach 
number. The curvature error to the first 
order may be written as 

Downstream of this point the test region 
actually begins to decrease in height. 

A more conservative approach to test 
section height optimization is to terminate 
the nozzle at a distance 2(8j - 8*)cota = 
Sjcotaj upstream of the theoretical exit. 
This is approximately the point where the 
right-running characteristic wave, which 
meets in a common point with the exit 
characteristic wave and the inner surface of 
8, originates from the perfect fluid wall. 
The measurements on existing hypersonic wind 
tunnels indicate that ^ k* „„ --«„x 

as 1/4. Therefore the cut-off length is 
approximately Mjrj/4. Figure 24 shows the 
cut-off length for a hypersonic nozzle. 

2&t 

P “ 1? (79) 

p 
by substitution — 

r 

M2 

2 
(80) 

It is seen from (80) that to prevent 
focusing effect p/r must be made much larger 
than M2/2 along the nozzle wall. 

A theoretical treatment of radial focusing 
in supersonic flows in ducts has been reported 
recently by J.J. Mahoney39. 
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4. PERFORMANCE AND CONTROL 

where (84) 
4.1 lied Tunnel Ptranetert 

4.1.1 Effuser 

The inportent paranetere that gorern the 

perfornance of an effuser are P0, T0, M1P y 

«»d Aj. Pron these paraneters, the weight 

flow rate (Wj) and the Reynolds nunber per 

inch (Re) In the test region can be obtained. 

Figure 26 consists of a nunber of con¬ 

tinuous graphs that relate the effuser 

parsMters to yield the weight flow rate for 
air: 

e.g. given P0 = 800 lb/in2, T0 = 1000oRt 
^=8 and Aj = 600 in2, the line with 

arrows in Figure 26 indicates Wj ^ 42 Ib/sec. 

This technique nay also be used to relate 
the effuser paraneters with R : e 

“• = («) ^ (TTia,;,.,; <“> 

where /x Is a function of and T0 may be 
calculated from Sutherland’s formula. 

4.1.2 fiun Time for Blowdown Tunnels 

If the pressure ratio P0/Pe is constant 
or greater than the required running ratio 
during a run, the steady flow duration is 

AW 

f = 
\8/ (1 + 0.2M*)3 

Equation (83) assuaes an issntroplc process. 

In actual run tine calculation, the thermo¬ 

dynamic process is polytropic i.e., n in the 

exponent of the P0/PsI term lies between 1 
end 1.4 for air. 

4.8 Starting and Running Pressure Ratios 

4.2.1 Empty Test Section Data 

Starting and running pressure ratio data 

for supersonic wind tunnels of varying sizes 

and types are available. For empty closed 

test sections, the data seem to indicate 

that most of the starting ratios are about 

100% of the pitot pressure recovery and the 

running ratios can be as low as 50% of the 

Pitot pressure recovery. For free-Jet 

operation, the required ratios are perhaps 

50% higher than the closed test-section 
data. 

Very little of this information is avail¬ 
able on operation in the hypersonic range. 
Table II contains many of the existing 
starting and running ratio data on various 
free-jet wind tunnels for a wide range of 
Mach numbers. The majority of data are for 
empty test-section runs and inmost cases the 
area ratios between the second throat and 
the test section are recorded. These data 
are plotted on Figure 27. It is interesting 
to note that Hermann’s theory40, as indicated 
in Figure 27, seems to match the starting 
ratio data fairly well. 

In general, the starting and running 
ratios for testing with models are in the 
order of 20% to 50% higher than the empty 
cases. The variations are functions of model 
size and angle of attack, diffuser configura¬ 
tion, second throat opening, etc. With 
fixed diffusers, the ratios are usually much 
higher. 
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4.2.2 Special Starting Techniquet 

The startIni probleas involved in high 
speed wind tunnels are: 

(a) Starting pressure ratio 

(b) Model load 

(e) Model blockage. 

These probleus vary with tunnel con¬ 
figurations and range of operations. To 
date, theoretical and experimental treatments 
of the starting probleas are confined to 
particular tunnels, therefore no conclusive 
généralisâtlens exist. 

In supersonic tunnels these probleus are 
less severe than those in hypersonic tunnels 
due to relatively lower pressure ratios and 
nodel loads. 

The starting pressure ratio cap usually 
only be estiuated for tunnels while eupty, 
such as shown in Figure 27. The data for 
eupty test section starting cannot be 
extrapolated to test sections with nodel 
conditions as discussed earlier. Perhaps 
the uain reason for optluizing the tunnel 
starting is to reduce starting pressure ratio 
and model starting load as well as to maxlnize 
the model size. 

A special technique developed by the 
General Electric Research Laboratory for 
starting a hypersonic nozzle with a large 
blunt nose model is of interest. This 
technique utilizes injection of flow along 
one side of the nozzle during starting. In 
doing so, the initial main stream flow is 
forced to separate along one side but remains 
stabilized, thus resulting in weaker shock 
interaction with the boundary layer near the 
model due to asymmetric flow. The weaker 
interaction causes less severe viscous feed¬ 
back, which retards chocking downstream in 
the diffuser. With this technique General 
Electric was able to start a model of 1 inch 
in diameter in their 3.6 inch diameter Mach 
22 hypersonic helium tunnel, whereas 

3/8 inch diameter was the largest size nodel 
they had previously started. This technique 
is described in Reference 41. 

Reports fron others employing the same 
technique Indicate that lower starting ratios 
and reduction of the nodel loads were 
accomplished. With further research, this 
procedure can be developed as a standard 
technique. 

There are other available techniques which 
have not been published. However, successful 
results were indicated. For example, if a 
tunnel is limited by pressure ratio and has 
high stagnation temperature, the flow nay be 
established for the tunnel with large models 
by injection of water into the stilling 
chamber during starting. 

Another technique to reduce model starting 
and stopping loads is to shield the model 
with protectors which can be quickly opened 
and closed to protect the nodel. The simplest 
type of protector is a pair of flat plates 
which partially enclose the nodel during 
starting and stopping of the tunnel. Pro¬ 
tectors may be constructed to fully enclose 
the model, such as those Illustrated in 
Figure 28. The original purpose of the 
device shown in Figure 28 was to cool the 
model by injecting cold air through the pro¬ 
tector from an outside source while enclosing 
the model. With an initially cooled model, 
a step function in stagnation temperature is 
provided: thus transient heat transfer 
experiments on the model can be successfully 
performed. 

4.3 Stagnation Pressure and 
Te^ierature Controls 

4.3.1 General Discussion 

For continuously operating wind tunnels 
the stagnation pressure and temperature 
controls are less problematical, since 
ataH11 4*wa+4sw* ****** ** 1 — V._ * • 

can a anojo ue aucuuiyiisiiea as 
there is a longer time period allowed for 
this. The controls for the intermittent 
tunnels then are more of interest. 
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In supersonic intsnlttsnt tunnels, the 

supply usually does not require heatlni; 
therefore, the control probles sispllfies 
to control of Pg slone. In alsost all 
existing hypersonic intersittent tunnels 
storage heaters are generally used. The 
blowdown cycles in these were designed to be 
cospatlble with the tunnel run duration so 
that only saall tesperature variations occur 
during the cycle. Therefore, control of Tg 
in these facilities was not attespted. 

However, control of Tg ssy be Incorporated 
in the overall control systes. For exanple, 
the Tg control can be achieved by by-passing 
an amount of cold air to a thermal sixer. A 
schesatic diagrss for the Pg and Tg control 
systes is shown in Figure 29. 

4.3.2 Stagnation Pressure Control 

In conventionaljiypersonic wind tunnels, 
the accuracy and stability of Pg are, in 
general, of more interest than Tg, since the 
high stagnation temperature is used mainly 
to prevent gas liquefaction in the test 
region. Small variation in stagnation tem¬ 
perature during the run changes the tunnel 
Reynolds number at a lower order than the 
changes due to the stagnation pressure 

ui * * “t 

V. <P.i>»i /l\p “i". 
R T§1 ' dr 

(85) 

2) The change of weight in the total void 
volas Vfl is 

V1 i-n. 

. v0 (Poi) 
R T oi 

•i-]-P0 -j? (86) 

3) The storage tank pressure change 
assuming sonic flow through the control 
valve is 

The location of the Pg control valve in an 
intermittent hypersonic tunnel circuit 
deserves careful consideration. It is 
undesirable to locate a hot control valve 
downstream of the storage heater because of 
the high heat transfer rate that complicates 
the construction of the valve. Thus, a cold 
control valve downstream of the storage tank 
should be considered as shown in Figure 29. 
The total void volume of the heater, thermal 
mixer, and piping causes process lag in the 
servo control loop. 

An approximate analysis of the process 
may be derived as follows: 

1) The change of weight in the storage 
tank may be expressed as 

4) The stilling chamber pressure change 
assuming sonic flow through nozzle throat 
is 
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The constante n1( n2 and n, are inTOlred 
In the thersodynailc processes. It Is 
reasonable to assuse Oj = n3 = 1.4 and 
n = 1. Rearranging Equations (85) through 
(88): 

where the loop gain is KA = P^C/C, and 
the tine constant is rc = 0,/C, or 

Equations (91) and (92) will give certain 
clues for designing the electro hydraulic 
controller. A lead-lag compensation net¬ 
work is necessary to overcose the process 
lag. The order of nagnltude in the total 
loop gain say be approximated from Equation 
(91). 

(M*) 5. NOZZLE DESIGN AND FABRICATION 

dP. dP 
C P 2—1 + C„—8 = C.P. 
28 dr 3 dr *° 

(89b) 

The electro hydraulic controller provides 
the third equation 

5.1 fall Heating 

Transfer of heat from the boundary layer 
to the relatively cool inside surface of the 
nozzle wall can be said to take place accord¬ 
ing to the following relationship: 

g = hgA(Ta - Tu) (93) 

Ag = f(Pc. Á,. Xs. ... A,) (89c) 

where Pc = Paired * po' ^desired can 
programmed to natch the tunnel starting and 
running characteristics. 

Equations (89a). (89b) and (89c) are 
non-linear simultaneous differential 
equations. Solutions may be obtained by 
simulation in an electronic differential 
analyzer. However, for approximation of the 
time constant in the thermodynamic process, 
(89a) and (89b) may be linearized by letting 
n = n, = 1. The resulting transfer function 
is 

PjW = p,c,<yc. m) 
A,(s) 1 - ¢,/0,, 

The rate of heat transfer per unit area 
is the best index of the heating intensity 
and thus will determine the degree of 
difficulty in cooling the nozzle. This 
index is equal to the product of the film 
coefficient and the temperature difference, 
h (Ta - Tu). Values for this index may be 
in the order of 10* to 107 B.t.u./hr/ft2 for 
hypersonic nozzles. 

Probably the largest source of error in 
determining the nozzle wall temperatures and 
stresses is from the film coefficient on the 
gas side. While much work, both theoretical 
and experimental, has been performed, there 
is considerable spread in the results. The 
theoretical work naturally contains many 
assumptions, and the experimental work is 
hampered by the difficulty inherent in 
measuring temperatures with precision. A 
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comparison of various fill coofficient 
for■ulasl,**l,5 is shown in Pliure 30 for a 
turbulent boundary layer, along a typical 
nozzle wall. Significant variations can be 
produced in any of the above equations by 
using properties of air taken from different 
sources. Recent experimental Investigation 
of film coefficients** presents additional 
results which are somewhat lower than those 
shown in Figure 30. 

For large nozzles operating with continuum 
flow it is reasonable to expect that a 
turbulent boundary layer will exist at the 
throat. Greenfield’s formula*2 is frequently 
used for determining the turbulent film 
coefficient. Rapid determination of the 
coefficient using this formula can be 
obtained by means of the continuous graphs, 
as in Figure 31. 

Under certain circumstances the boundary 
layer at the throat will be laminar and the 
heat load will be an order of magnitude 
lower than with a turbulent boundary layer. 
One such nozzle is reported by Ohio State 
University*. 

Attainment of good flow quality is not 
possible if a transition from laminar to 
turbulent boundary layer occurs downstream of 
the throat, since transition produces shock 
waves, which will reflect downstream to the 
test region. Consequently, unless the 
entire length of the nozzle boundary layer 
is laminar, it must be made turbulent by 
tripping upstream of the throat. 

5.2 Throat Configurations 

Figure 30, discussed previously, shows 
one region of the nozzle - the throat, 
subjected to unusually high film coefficients. 
It is here that the major design problem is 
encountered. 

With concerted effort the following 
factors can be minimized: 

(a) Combined Stresses 

1) Transient 

11) Steady-state 

(b) Deflections in the aerodynamic surface 

1) Transient 

11) Steady-state 

Hi) Permanent 

(c) Disturbance of the boundary layer 

Depending on the requirements and opera¬ 
ting conditions of a specific tunnel, some 
of the above factors need not be minimized. 
In the design of a nozzle for a continuous 
tunnel only slight consideration need be 
given to the transient stresses and deflec¬ 
tions. These can be held to acceptably low 
values by proper tunnel start-up and shut¬ 
down procedures. Conversely, an intermittent 
tunnel can frequently be designed to minimize 
only the transient conditions of stresses 
and deflections if the operating duration is 
held short enough to avoid steady-state 
problems. 

Disturbance of the boundary layer is a 
design factor only when cooling is accom¬ 
plished by the addition of a cool liquid or 
gas into the airstream. This type of cooling, 
coolant injection, is referred to by various 
names, such as sweat cooling or transpiration 
cooling, film cooling or boundary layer 
cooling. If the nozzle is cooled by heat 
conduction through the airstream walls, this 
factor need not be minimized in the design. 

Minimization of the design factors must 
be performed with full knowledge of their 
effects on: 

(a) Fabrication 

(b) Useful Life 

(c) Reliability 

(d) Tunnel Operation 

(e) Initial and Operation Cost. 
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Two broad concepta can be considered for 

deslmlnc a nosile. especially Its throat 
region. 

The first concept Is to nahe the entire 
•irstresn surface or the throat region an 
adiabatic surface. 

The second and nost conventional concept 
Is to cool the nossle, thus preventing the 
alrstrean surface and wall froa heating up 
to the recovery tenperature of the working 
CM* 

The first concept Is not feasible at 
Present. Without considerable research and 
developnent in high tenperature naterials, 
the desired strength, creep, oxidation 
resistance, and fabrication accuracy of the 
•irstrean wall is unobtsinable. Also, no 
■ethod is available for calculating what 
effect out-of-roundness has on the flow 
quality. 

The second concept has been used exten¬ 
sively although the nethods of cooling have 
taken nunerous forns. The two principal 
classes of cooling used are: 

1) Coolant injected into the hot air- 
atreaa 

noMl.Vi th* tUbl“f f0r Ml™«trlc 
.«if1 A 11 ir,PPed circMirent!ally and 
““•r#d °r bra"d t0 Torn the heat conduc¬ 
tion path, such a configuration is ideal 
for low heat fluxes becsuse it is inexpensive. 

In order to decreese the theraal resist- 
«ce of the tubing ,.U Md thl(t 

■aterial holding the tubing to the air- 

J/*" ”11, ‘^tegral passage cooling* has 

V’ U 11 bMt ««d for two“ 
dlienslonal nosxles (Fig. 8) rather than for 
sxisyMwtric nozzles (Fig. 33). 

thJîiAhrlb* Mt ÄB ^011^ fins while 
thick ribs behave like theraal barriers 
causing hot spots on the alrstresa surface 

r.' *; thvrib*- -1 ■•“o" “r 
eternining rib thickness for a given wall 

tenperature is presented in Reference 49. 

The najor difficulty in using integral 
Passage cooling for axisyetric nozzle! ?» 
the thernal stress in the alrstrean wall 
pro uced by the high degree of restraint. 

!ith th!Trîln‘ Wftlll8tblck 1“ conparlson 
with the alrstrean wall, the restraint is, .t 

. 7...ori-n thtritîlâl- In tbl8 CMe tb*"*l stress in the alrstrean wall is approxi- 
■ntely giyen by: 

2) Conduction of heat away fron the air- 
stream surface to a suitable heat sink. 

Coolant injection, whether gas trans- 
Piration cooling (sweat cooling), Figure 
32(a). boundary layer cooling (fil. cooling). 
Figure 32(b); or a combination of these two 
types. Figure 32(c). has been under investi¬ 
gation as a means of cooling rockets and high 
speed vehicles. High cooling efficiency*7'*8 
makes this method attractive for airborne 
applications. Efforts to adapt coolant 
injection to hypersonic nozzles have been 
successful so far as cooling is concerned10' u. 

a = ^ - T,) 

(1 - 2u) (95) 

f.„B!HC0BPÄfl80n’ the therBal 8tr«« i» i 
two-dimensional nozzle wall, integral- 
passage-cooled, is approximately: 

cr = aE(Tj - Tj) (96) 

Thus, for most materials, the thermal stn 

Z 2 TiTTn16 lnte*ral-P«sage noz2 
nay be 2.5 to 3.0 times that of a similar 
cooled two-dimensional nozzle. 

me simplest heat sink suitable for 
steady-state operation is obtained by 
attaching tubing carrying water to the 
external side of the alrstream-wall. 

symmetrical nozzles, whether tube-cooled or 
integral-passage-cooled, led to annulus 
Passage cooling (Fig. 34). Annulus passage 
cooling, whereby water passes over afloatiíg 
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liner which directs the sir flow, hta been 
successfully applied on a Mach 9 nozzle. 

The alrstreaa wall experiences biaxial 
thenal stresses proportional to about one- 
half of the teaperature drop across the wall. 
A nore detailed solution of this thersal 
stress probles is given in Reference 50. 

The handling of the liner during fabri¬ 
cation and under certain unavoidable 
operating loads, principally longitudinal, 
sakes it necessary that not too thin a wall 
be used at the throat section. A pure 
electroforsed nickel liner has heat flux 
llsltatlons. Higher fils coefficients and 
stagnation tesperaturea can be accossodated 
by bonding a ceraalc thersal barrier on the 
inside surface of the nickel (Pig.34). At 
present the best all-setallic annulus passage 
liner has aberyllius-copper throat (Pig. 35). 

Another sethod of cooling is by using water 
spray in the throat region so that the wall 
tesperature can be kept sufficiently high. 
Successful results are reported in Reference 
15. 

In addition to the aforesentioned thersal 
stresses, the nozzle airstreas wall will be 
subjected to forces which produce stresses 
that sust be superisposed on the thersal 
stresses. Pressure differential across the 
airstreas wall and seal friction on the liner 
of an annulus passage nozzle are typical 
forces which produce additive stresses. In 
general, the stress resulting fron the 
difference in press.ure between the airstrean 
and the cooling nediun is such lower than 
the thermal stress. For annulus passage 
cooling, the liner must be strong enough to 
transmit the longitudinal force developed 
during tunnel starting and this strength 
is usually sufficient for the seal friction 
loads. 

A bar graph (Fig.38) shows the capabili¬ 
ties of various throat configurations. The 
ordinates, gas film heat transfer coeffici¬ 
ents, are approximate allowable values 
based on a stagnation temperature of 2000°F 
and usual mechanical loading. 

5.3 Coolisg Systes 

When the airstreas surface is prevented 
fros heating to the adiabatic wall tespera- 
ture by conduction back to a heat sink, the 
tesperature difference between the wall and 
the adjacent water sust be low. 

Because of its availability and excellent 
cooling effectiveness water is generally 
used as the coolant. Portunately, even heat 
fluxes of 5,000,000 B.t.u./hr/ft2 can be 
transsltted by forced convection produced 
with high velocity water. Velocities of 
125 ft/sec have been used. 

Such high velocities are required only in 
the throat region. Gradual deceleration of 
the water downstream of the throat region can 
result in tolerably snail pressure losses. 

Prevention of cavitation in the throat 
cooling passages is of utmost importance if 
a long service life is to be realized fros a 
forced convection cooled nozzle. Sufficient 
pressurization is used for this purpose. 
Por open cooling systems, i.e., non-return 
systems, this does add to the circulating 
pump horsepower required. In a closed 
system, the power is consumed by pipe fric¬ 
tion only while the static pressure to avert 
cavitation is produced by raising the system 
pressure level with a pressurization tank. 
For this reason, closed pressurized cooling 
systems are more economical to operate. 

Closed recirculating coolant systems are 
desirable when passage sealing represents a 
problem. The higher throat heat fluxes mean 
higher wall temperatures on the water side 
which will form scale unless the coolant is 
suitably treated. Distilled, de-oxygenized 
water should be used for cooling. A closed 
system which recirculates its water is filled 
once initially and after that refilled only 
during periodic maintenance checks. 

A considerable margin of safety exists 
when using forced convection cooling. 
Before the wall temperature could rise 
disastrously following a failure of the 

32 



circulât ini pom or a lenk in the pressuriza¬ 
tion systei, the heat would be transferred 
by nucleate bollini for soae tiae. This 
additional tiae aarfln allows the Interlock 
which shuts down the tunnel in the event of 
a coolant systea failure to be set sore 
liberally. 

Nucleate bollini can transalt the bl|h 
throat heat fluxes in a hypersonic nozzle 
just as it does in a rocket nozzle (kefs. 51 
and 52). While the teaperature drivini . 
potential (Ta - Tw in a rocket nozzle is 
considerably hither than in a hypersonic 
nozzle, the lower stsination pressure results 
in lower heat transfer fila coefficients. 
The net result ip that the heat flux is of 
the saae aagnitude in rocket nozzle throats 
as in the latest hypersonic wind tunnel 
nozzle throats. 

The principal drawbacks to usini nucleate 
bollini to cool the throat of hypersonic 
nozzles are: 

(a) Unknown cavlation danger 

(b) Higher wall stresses because of the 
greater teaperature drop between the 
wall and the water 

(c) Lower margin of safety in the event 
of a circulating pump failure. 

Rapid stabilization of flow is required 
for an intermittent type tunnel. For this 
case it is considered advantageous to use 
hot water in the cooling passages to pre-heat 
the nozzle wall to the anticipated mean 
steady state temperature. 

5.4 Fabrication 

All the previously mentioned axisymmetric 
nozzle configurations have common fabricating 
problems. Basic among these is the diffi¬ 
culty in obtaining an exact airstream con¬ 
tour and a satisfactory surface finish. The 
smallness of the throat diameter in comparison 
with the nozzle length and the restricted 
choice of materials magnifies the fabrication 
problem. 

Two approaches are possible. The air- 
stream wall can be formed either by direct 
Internal machining or by placing the wall 
around a mandrel which is subsequently 
removed. The latter approach covers such 
techniques as casting, spinning, spraying, 
and electro-depositing. 

Direct machining to produce one-piece 
nozzles is limited to the low hypersonic 
Mach numbers and the smaller size nozzles. 
At the lower hypersonic Mach numbers, the 
throat diameter is large enough to permit 
internal machining from both ends. Stock is 
available from which to machine the smaller 
size nozzles, but definite limitations are 
encountered as the nozzle size increases. 
Rough casting to size offers one method for 
castable materials to be supplied in large 
dimensions to the machine shop. 

Direct machining to produce an axisymmetric 
hypersonic nozzle is limited neither to Mach 
number nor to size if Joints are deemed 
permissible in the airstream wall. Making a 
nozzle by joining sections together has been 
tried successfully Ty Brooklyn Polytechnic 
Institute1'. Not only will the shorter 
sections be machinable, but virtually stock 
of any diameter can be obtained through 
rolling up cones from the selected plate 
material. 

Use of a mandrel on which to form the wall 
is feasible for fabricating one-piece 
nozzles of almost any dimensions. External 
machining and polishing the mandrel can be 
done to high accuracy. 

Placing the wall on the mandrel through 
electrodepositing a metal reproduces the 
contour and surface down to microscopic 
levels. 

Nickel is favored at present for electro- 
depositing or electroforming. Electroformed 
nickel has good mechanical strength and good 
thermal conductivity53. Strengths of 
100,000 - 135,000 lb/in2 are obtainable and 
the thermal conductivity is 36-41 B.t.u./ 
hr/ft V°F. 
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then tb. noMl. wall i» cool.d bj 
conduction of heat b«k to » beat .ink. only 
berylliua-copper appear, to * batt 
co.bin.tion of »trength. thenal coodw^ty. 
■odulu. of ela.ticity, and coefficient 

tbenal expansion . 

Tjplc.l rtW 1« “• JT1* 
mil by electrofornin* on a »ndrei are. 

(») Jig bore and polish . tenplate of the 

desired contour 

(b) Machine the nandrel with a copying 
lathe fron the tenplate 

(c) Hand polish the nandrel (Pig.37) 

(d) Place nandrel in the electroforning 

bath 

(e) Electroforn enough nickel on the 
nandrel to allow for nachining to the 
reauired external dinensions; about 
two to three weeks is required to 
deposit 3/8 inch nickel 

(f) Renove nandrel-nickel unit iron bath. 

X. 1.1.«, «i •b«™1 
nickel surface to final dansions 

(,) Renove the nandrel fro. insidethe 
nickel shell, leaving the conpleted 

nozzle wall (Pig-38). 
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TABLE I 

Surrey of Boidory Layer Dlapli it nickaeaa 

Tim« l *o 

(ata) 
s: 

NOL HIT 

NOL HVT 
(old aeasureaent) 

5.0 
« 

6.8 
R 

7.7 

7.0 

3.1 
5.0 
7.8 
8.6 
16 
38 
21 
21 
24 

10 

325(°K) 
400 
510 
560 
470 
500 
590 
640 
645 

590 

5.4 
4.3 
3.5 
3.3 
6.3 
5.2 
5.2 
4.6 
5.9 

5.9 

50(ca) 

60 

• fl(ca) 
.61 
.56 
.57 

1.09 
.94 

1.03 
.93 

1.31 

1.0 

.30 

.26 

.25 

.24 

.49 

.44 

.45 

.40 

.55 

JPL 20*8*7 

JPL 12* SWT 

GALCIT Leg 1 

Langley 11' HWT 

NOL 8" HWT 

Johns Hopkins 

2* dis HWT 

BRL 5.6* Dla. Model 
HWT 

JPL 7* Model HWT 

AEDC SU* Dla. ‘B’ 

Minor 

3.0 
3.7 
4.1 
4.5 

3.0 

5.7 

6.9 

8.1 

9.04 
9.07 
9.10 

9.05 

8.25 

8.03 

7.13 
6.03 

1.2 
2.0 
3.5 
4.1 

4.2 

6.4 

25 

50 

554(°R) 
576 
585 
578 

570 

685 

1210 

1400 

28.2 1360 

35.0 
41.8 
52.0 

1360 
1360 
1360 

31.6 1560 

18.0 1460 

41.5 1345 

4a 8 1350 
40.1 1355 

7.6 

8.0 
8.3 
8.7 

6.1 

5.5 

5.3 

4.2 
3.1 

90(In) 
90 
89 
88 

45 

20 

56 

44 

9.6 

9.6 
9.6 
9.6 

39 

47.6 

270 

195 
118 

.46(in) 

.65 

.68 

.84 

.28 

.27 

.72 

.45 

.23 

.22 

.22 

.22 

.67 

1.07 

2.85 

1.75 
0.72 

.15 

.22 

.24 

.30 

.20 

.30 

.35 

.26 

.40 

.39 

.41 

.42 

.37 

.46 

.39 

.32 

.22 

BRL Ballistic Research Laboratory 
JPL Jet Propulsion Laboratory 
NOL Naral Ordnance Laboratory 

GAI£IT Guggenheim Aeronautical Laboratory California Institute of Technology 
AEDC Arnold Engineering and Development Center 
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CONTOURED WALL 

(a) TWO DIMENSIONAL TEST SECTION 

(b) AXISYMMETRIC TEST SECTION 

Pig. 1 Boundary-layers in tno-dinensional and axiayawtrlc nozzle teat sections 
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ï BURNER Tí 
- 

-J. 
¡1—i 

L, 

. TO THERMAL 
MIXER SNOZZLE 

refractory 
LINER 

FROM AIR —') M PURGE AIR 

STORAGE EXHAUST 

Pig.4 Gas-fired or oil-fired pebble bed heater 
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Pig.5 Compression heater 
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INITIAL VOLUME 500 FT.3 

FINAL PRESSURE 2000 PSIA 

V VARIABLE 

T* INITIAL TEMP. 

Pig.6 Ideal performance for compression heater 
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BEFORE HEATING AFTER HEATING 

(a) THERMAL DISTORTION OF NON-RIBBED THROAT BLOCK 

BEFORE HEATING AFTER HEATING 

(b) THERMAL DISTORTION OF RIBBED THROAT BLOCK 

Fig.8 Thermal distortion in two-dimensional nozzle throat sections 
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/ 

Pig.9 Typical free-jet test section 
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diffuser 
INLET 

<t» TWO DIMENSIONAL VARIABLE DIFFUSER 

Fig. 10 Supersonic diffusers 
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(o) NOZZLE WITH CORNER EXPANSION AT THROAT 

(c) NOZZLE WITH CENTERLINE WACH NUMBER DISTRIBUTION 

Pig.13 Conputation of nozzle contours starting from the throat 
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SOURCE FLOW FRORT 

* 

TRANSI TIOR re6ion 

throat 

SOURCE 
ORlGli 

I+-EXIT 
„liA EXIT 
characteristic 

(») nozzle withoÆ g. 
L CANCELLATION REOION 

prescribed curve 

i. p 

P4RT'AL cancellation region 

/ Xy XX" \ /• N. 

(b| PARTIAL cancellation 
REGIOn «"TH prescribed 

partial cancellation region 

curve 

assuming source fio» 
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i 

(a) EXPANSION CURVE WITH CIRCULAR ARC AT THROAT 

Fig.15 Typical expansion region curves 
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(b) UNIT PROCESS IN FLOW NET COMPUTATION 

Pig.16 Nuaerical procedure of nethod of characteristics 
for axisynmetric flow 
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(a) CENTERLINE MACH NUMBER DISTRIBUTION 

Fig. 17 Plow net construction in transition region 
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Pig.18 Wall coordinates conputatlon 



(VM 

Pig.19 fall coordinates in equal axial increments 
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START 

READ INPUT 1 

^At^A» X« 1 
AND PROBLEM 

PARAMETERS 

DENTIFICATION 
-© 

COMPUTE MACH NUMBERS 

ALONO CENTERLINE 

^ * *■ » *c » ®i * 
• • • 

» W If -C» 

COMPUTE SOURCE FLOW FRONT 

^A. MA ETC. 

COMPUTE EXPANSION CURVE 

FROM THROAT TO A 

PRINT OUT THI i RESULTS OF 

COMPUTE "RIGHT- RUNNING 

CHARACTERISTIC“ LINE J 

(¾. r, fl, M) 

1 
1 PRINT OUT THE DATA OF (¾ 

DETERMINE POINTS OF INTER¬ 

SECTIONS OF THE TRANSITION 
CURVE WITH LINE J 

PRINT OUT THE TRANSITION 

COORDINATES COMPUTED IN@ 

IS THE LAST II 

ON THE EXIT C 

LINE ? 

UERSECTION 

HARACTERISTIC 

NO 

4- J+l—J 

dh 

YES 

FROM UNEVENL 

ORDINATES OF 

AND TRANSITIC 

COMPUTE THE 

WALL COORDIN 

r SPACED CO* 

THE EXPANSION 

N CURVES, 

EQUALLY SPACED 

ATES 

PRINT OUT RESULTS OF (g) 

IS THERE A SET OF INPUT 

PARAMETERS FOR ANOTHER 
PROBLEM F 

Pig.20 Oonputer routine for nozzle coordinates 
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-SOURCE FLOW REGION PERFECT FLUID CONTOUR 

C) FLOW net and perfect fluid C( 

(W SLOPE VARIATION ALONG NOZZLE 

fc) CURVATURE VARIATION ALONG NOZZLE 

PARTIAL cancellation 

CONICAL SOURCE FLOW 

8.0 ge 

W) CENTERLINE MACH NUMBER DISTRIBUTI 

W*.21 »all contour geoaetry for a 
nozzle with = 6.0, 0 = 



PERFECT FLUID CONTOUR 

(a) FLOW NET AND PERFECT FLUID CONTOUR 

--SLOPE 

(b) SLOPE VARIATION ALONG NOZZLE WALL 

(c) CURVATURE VARIATION ALONG NOZZLE WALL 

*RTIAL CANCELLATION 

50 6.0 7.0 8.0 9.0 10.0 11.0 12.0 

(d) CENTERLINE mmCH NUMBER DiSTRiBUTiON 

Wall contour geonetry for a nozzle with Mj = 6.0, #A = 10°, y = 1.4 
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Pig. 22 Grid size effect at = 8.0, 6K- 10°, 7 = 1.4 
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SOURCE OF DATA 

0 NOL HWT 

• NOL HWT (OLD) 

□ JPL 20* SWT 

0 JPL It* SWT 

Pig.23 Surrey of boundary-layer displacement thickness data 
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Pi*.26 Weight flot for hypersonic nozzles 
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D NOZZLE OIA 

D NOZZLE OIAI 
G MASS VELO 
P. STAGNATION 

T. STAGNATION 
Cp SPECIFIC HE, 

CONSTANT P 
fi ABSOLUTE \ 

tLOCAL FREE 

Pi».31 Greenf 

! 



■10,000 
MACH NO.-“.OI 

■1000 

hg(BTU/HR.-FT?-lR) 

■100 
-80 
- 60 

- 40 

- 20 

h«‘ 029 ¡jos ^02 

D NOZZLE DIAMETER AT THROAT 

D NOZZLE DIAMETER 
G MASS VELOCITY 

£ STAGNATION PRESSURE 

T, STAGNATION TEMPERATURE 
Cp SPECIFIC HEAT AT 

CONSTANT PRESSURE 
H ABSOLUTE VISCOSITY 

EVALUATED AT RECOVERY TEMPERATURE, 

I.f,*J« + 0-89(VTJ • PROPERTY VALUES 
TAKEN FROM REF 55 

tLOCAL FREE STREAM TEMPERATURE 

Pi*.31 Greenfield’s heat transfer fila coefficient 

10 



Pig.32 Cooling methods for axisymmetric nozzle throats 
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i

ALLOWABLE FILM COEFFICIENT. h,,( BTU
HR-R«-FT.-z)

1000 2000
I

3000
I

4000
I 50001

BERYLLIUM COPPER THROAT 
ANNULUS PASSAGE COOLED 
(SEE FIGURE 35 )

NICKEL-CERAMIC THROAT 
ANNULUS PASSAGE COOLED 
(SEE FIGURE 34)

NICKEL THROAT 
ANNULUS PASSAGE COOLED 
(SEE FIGURE 34)

NICKEL THROAT 
INTEGRAL PASSAGE COOLED 
(SEE FIGURE 33)

BERYLLIUM COPPER THROAT 
TUBE COOLED WALL 
(PL0ATIN6 LINER)

NICKEL THROAT 
TUBE COOLED WALL 
(AXIALLY RESTRAINED WALL)

Fig.36 Capabilities of varloos throat configurations
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Pig.37 topical axiajrsMtric nozzle mndrel (Sandberg-Serrell Corp.)
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APPENDIX I 

LISTING OP A FAMILY OF PERFECT FLUID CONTOURS 



APPENDIX I 

Contour No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

N 1 

5.0 

5.0 

5.5 

5.5 

8.0 

8.0 

8.5 

6.5 

7.0 

7.0 

7.5 

7.5 

8.0 

8.0 

8.5 

8.5 

9.0 

9.0 

9.5 

9.5 

10.0 

10.0 

11.0 

LUtlag of a Faally of Porfoet Plaid Coa toon 

6.0 

10.0 

6.0 

10.0 

6.0 

10.0 

6.0 

10.0 

6.0 

10.0 

6.0 

10.0 

6.0 

10.0 

6.0 

10.0 

6.0 

10.0 

6.0 

10.0 

6.0 

10.0 

6.0 

y Contour No. 

7/5 24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

y 46 

11.0 

12.0 

12.0 

9.0 

9.0 

10.0 

10.0 

11.0 

11.0 

12.0 

12.0 

14.0 

14.0 

14.0 

16.0 

16.0 

16.0 

18.0 

18.0 

18.0 

20.0 

20.0 

20.0 

6k y 

10.0 7/S 

6.0 

10.0 
y 

6/5 

5/3 

8/5 

5/3 

6/5 

5/3 

6/5 

5/3 

6/5 

7/5 

5/3 

6/5 

7/5 

5/3 

6/5 

7/5 

5/3 

6/5 

7/5 

I 5/3 

A-ili 



M, Ifc y t, ir o 
5*00 6*00 1*4000 16*620537 0*150 0*001667 

u/a*)!'1 i/a k lit a, 
5*000000 0*045102 0*315456 -0*031866 0*012715 

Qi 0i Ma Za Qi 
0*000953 -0*000052 3*496088 4*942485 0*519476 

CONTOUR fl 

0*366281 0*200000 
0*466281 0*200224 
0*5662«! 0*200890 
0*666281 0*201988 
0*766281 0*203510 
0*866281 0*205446 
0.966281 0*207787 
1*066281 0*210523 
1*166281 0*213645 
1*266281 0*217144 
1*366281 0*221009 
1*466281 0*225232 
1*566281 0*229803 
1*666281 0*234713 
1*766281 0*239951 
1*866281 0*245508 
1*966281 0*251374 
2*066281 0*257540 
2*166281 0*263996 
2*266281 0*270731 
2*366281 0*277737 
2*466281 0*285003 
2*566281 0*292520 
2*666281 0*300277 
2*766281 0*308265 
2*866281 0*316473 
2*966281 0*324892 
3*066281 0.333512 
3*166281 0*342322 
3*266281 0.351313 
3*366281 0*360474 
3*466281 0*369796 
3*566281 0*379268 
3*666281 0*388880 
3*766281 0*398622 
3*866281 0.408465 
3.966281 0.418457 
4*066281 0*428529 
4*166281 0.438690 

z r 
266281 
366281 

•466281 
•566281 
•666281 
•766281 
•866281 
•966281 
•066281 
•093245 
•151183 
•250708 
•371037 
•416416 
*591989 
•602514 
.779115 
•845881 
*979916 

101495 
196147 
369446 
429172 
649720 
679689 
942234 
947483 
231158 
246902 
528363 
563602 
835934 
892265 
232706 
244265 
585156 
664087 
949403 
094684 

0*448931 
0*459240 
0*469609 
0*480026 
0*490482 
0*500965 
0*511467 
0.521977 
0*532487 
0*535320 
0*541407 
0*551859 
0*564484 
0*569240 
0.587599 
0*588696 
0*607044 
0*613940 
0*627696 
0*640056 
0*649588 
0*666804 
0*672661 
0*693899 
0*696736 
0*721030 
0*721506 
0.746538 
0.747890 
0.771345 
0.774187 
0.795433 
0.799669 
0*824110 
0*824905 
0.847349 
0.852270 
0*869213 
0.877338 

M 

3*5604 
3*5848 
3*6260 
3*6746 
3*6926 
3.7605 
3*7644 
3*8293 
3*8528 
3*8990 
3*9390 
3*9694 
4*0222 
4*0400 
4*1018 
4*1100 
4*1775 
4*1788 
4*2455 
4*2490 
4*3096 
4*3168 
4.3706 
4.3812 
4*4426 
4*4446 
4*5010 
4*5135 
4*5566 
4.5775 

A-lv 



MS2398 
9.535318 
9.713067 
9.985418 

10.112264 
10.444509 
10.522734 
10.912119 
10.944011 
11.367683 
11.817240 
11.870564 
12.267020 
12.360395 
12.721138 
12.856448 
13.175914 
13.357893 
13.627714 
13.863798 
14,073340 
14.373180 
14,510413 
14,885034 
14,937691 
15.355235 
15.398376 
15.764387 
15.912458 
16,167550 
16.426814 
16.567675 
16.941208 
16.967172 

0.689563 
0.899977 
0.908280 
0.920114 
0.925267 
0.937726 
0.940444 
0.952827 
0.953757 
0.965472 
0.974742 
0.975758 
0.982469 
0.983839 
0.968451 
0.989914 
0.992857 
0.994233 
0.995921 
0.997086 
0.997906 
0.998789 
0.999091 
0.999668 
0.999723 
1.000013 
1.000030 
1.000120 
1.000135 
1.000147 
1.000150 
1.000150 
1.000150 
1.000150 

M 
4.6094 
4.6370 
4.6595 
4.6921 
4.7068 
4.7429 
4.7512 
4.7895 
4.7925 
4.8317 
4.8654 
4.8692 
4.8965 
4.9021 
4.9233 
4.9301 
4.9457 
4.9531 
4.9637 
4.9710 
4.9774 
4.9642 
4.9872 
4.9928 
4.9936 
4.9974 
4.9976 
4.9992 
4.9994 
4.9998 
4.9999 
4.9999 
5.0000 
5.0000 



M, 
5.00 

* 
10*00 

(A/A*), 
5*000000 

<1| 
H)*003505 

r 
1*4000 

•♦i 
0*196451 

z. 
12*231212 

T 

0*150 

0.553135 -0.101463 

<% 
-0*000316 

Ma 
2.94Q216 

Za 
2.259923 

a 
0.019994 

Û. 
0.038377 

tk 
0.398485 

CONTOUR *2 

Z M Z M 
0.553926 0.200000 
0.653926 0*200967 
0.753926 0.203803 
0*653926 0*208413 
0.953926 0.214693 
1.053926 0.222541 
1.153926 0.231849 
1.253926 0.242507 
1.353926 0.254402 
1.453926 0.267418 
1.553926 0.281438 
1.653926 0.296343 
1.753926 0.312010 
1.653926 0.328317 
1.953926 0.345138 
2.053926 0.362348 
2.153926 0.379820 
2.253926 0.397428 
2.348106 0.414033 
2.403836 0.423852 
2*441818 0.430540 
2.543042 0.448340 
2.560559 0.451414 
2.654079 0.467776 
2.730857 0.481125 
2.778074 0.489288 
2.915435 0.512773 
2.918132 0.513230 
3.076763 0.539741 
3.114637 0.545960 
3.256001 0.568757 
3.328757 0.580222 
3,455791 0.599778 
3.557965 0.615072 
3.673700 0.631916 
3.802420 0.650053 
3.905400 0.664108 
4.062441 0.684775 
4.249029 0.708147 

3.0200 
3.0691 
3.1018 
3.1858 
3.1998 
3.2724 
3.3288 
3.3625 
3.4544 
3.4562 
3.5524 
3.5737 
3.6506 
3.6872 
3.7489 
3.7950 
3.8452 
3.8975 
3.9377 
3.9951 
4.0599 

4.337972 0.718646 
4.610947 0.749959 
4.629351 0.751964 
4.937112 0.783864 
4,988707 0.788913 
5.261265 0.814240 
5.381454 0.824703 
5.601889 0.842826 
5.788531 0.857131 
5.959115 0.869399 
6.209218 0.886063 
6.332972 0.893745 
6.642879 0.911441 
6.723332 0.915684 
7.088880 0.933264 
7.129800 0.935062 
7.546569 0.951587 
7.551553 0.951765 
7.986992 0.965723 
8.014937 0.966511 
8.436697 : 0.977006 
8.493505 0.978221 
8.894765 0.985629 
8.981360 0.986965 
9.354274 0.991793 
9.477345 0.993073 
9.807846 0.995856 
9.980117 0.996960 

10.248769 0.998285 
10.488154 0.999115 
10.672254 "0.999569 
10.999802 1.000075 
11.076525 1.000147 
11.463221 1.000353 
11.513389 1.000365 
11.837058 1.000403 
12.027658 1.000408 
12.204425 1.000409 
12.542050 1.000409 

4.0889 
4.1734 
4.1787 
4,2643 
4.2779 
4.3461 
4.3745 
4.4241 
4.4637 
4,4984 
4.5460 
4,5687 
4.6216 
4.6349 
4.6907 
4.6968 
4.7534 
4.7540 
4.8062 
4.8092 
4,8532 
4.8584 
4.8940 
4.9005 
4.9278 
4.9352 
4.9544 
4.9621 
4.9739 
4.9814 
4.9870 
4.9933 
4.9947 
4.9985 
4.9986 
4.9998 
4.9999 
4.9999 
5.0000 

A-vi 



i 

N« <% r 
5*50 6*00 1.4000 17.206287 

T 

. 0.150 

(A/A*)^ 
6.071981 

Ol 
<0.000906 

Z 
016875 
083125 
183125 
283125 
383125 
483125 
583125 
683125 
783125 
883125 
983125 

1.083125 
1.183125 
1.283125 
1.383125 
1.483124 
1.583124 
1.683124 
1.783124 
1.883124 
1.983124 
2.083124 

183124 
283124 
383124 
483124 
583124 
683124 
783124 
883124 
983124 
083124 
183124 
283124 
383124 
483124 
583124 
683124 
783124 

0.043^58 

<k 
-0.000048 

* 
0*334885 

Ma 
3.608675 

-0.032885 

Za 
4.699941 

0.001569 

0.012576 

fc 
0.493983 

CONTOUR 0 3 

164691 
164908 
165555 
166621 
168099 
169980 
172255 
174916 
177952 
181356 
185119 
189231 
193684 
198469 
203575 
208996 
214720 
220740 
227046 
233628 
240478 
247587 
254944 
262541 
270368 
278416 
286676 
295138 
303793 
312631 
321642 
330819 
340150 
349627 
359239 
368978 
378834 
388797 
398857 

M Z 
3.883124 
3.983124 
4.083124 
4.183124 
4.283124 
4.383124 
4.483124 
4.583124 
4.683124 
4.783124 
4.855001 
4.921606 
5.017443 
5.156029 
5.189138 
5.371954 
5.403697 
5.568165 
5.665012 
5,780299 
5.940311 
6.010460 
6.229654 
6.260250 
6.530204 
6.532988 
6.819508 
6.850232 
7.126238 
7.181260 
7.446829 
7.525993 
7.880790 
7.884178 
8.256174 
8.329016 
8.641748 
8,790413 
9.040871 

M 
0.409006 
0.419233 
0.429530 
0.439885 
0.450290 
0.460735 
0.471211 
0.481708 
0.492216 
0.502726 
0.510279 
0.517276 
0.527340 
0.541878 
0.545347 
0.564455 
0.567762 
0.584824 
0.594802 
0.606599 
0.622796 
0.629826 
0.651451 
0.654427 
0.680170 
0.680430 
0.706645 
0.709385 
0.733342 
0.737976 
0.759658 
0.765901 
0.792641 
0.792886 
0.818745 
0.823554 
0.843270 
0.852120 
0.866290 

3.8800 
3.9101 
3.9528 
4.0129 
4.0271 
4.1028 
4,1155 
4.1800 
4.2162 
4.2585 
4.3141 
4.3380 
4.4083 
4.4179 
4.4972 
4.4980 
4.5750 
4.5827 
4.6503 
4.6630 
4.7225 
4.7392 
4.8115 
4,8121 
4.8812 
4.8942 
4.9471 
4.9712 
5.0099 

A-vii 



Z 

9*264024 
9.453517 
9.749143 
9.879609 

104245180 
10.318994 
10.751615 
10.771355 
11.236176 
11.267658 
11.712274 
11.792889 
12.200865 
12.326849 
12.698151 
12.868790 
13.199766 
13,417792 
13.701030 
13.972816 
14.197406 
14.532707 
14.685056 
15.096238 
15.161351 
15.625294 
15.662136 
16.077643 
16.229321 
16.520810 
16.797076 
16.958356 
17,364949 
17,393923 

r M 
0.878147 5.0428 
0.887662 5.0696 
0.901519 5.1093 
0.907260 5.1261 
0.922176 5.1708 
0.924982 5.1794 
0.940109 5.2273 
0.940746 5.2294 
0.954494 5.2759 
0.955339 5.2788 
0.966194 5.3186 
0.967950 5.3252 
0.975909 5.3575 
0.978064 5.3664 
0.983655 5,3919 
0.985860 5,4021 
0.989544 5.4214 
0.991572 5.4322 
0.993781 5.4458 
0.995491 5.4564 
0.996634 5.4649 
0.997950 5.4748 
0.998409 5.4791 
0.999308 5,4876 
0,999409 5,4889 
0.999903 5.4950 
0.999927 5.4953 
1.000106 5.4982 
1.000136 5,4987 
1,000167 5,4996 
1.000177 5,4998 
1,000178 5,4999 
1.000179 5.4999 
1.000179 5.5000 

! 

A-viii 

I 



CONTOUR #4 

Z 
0*335952 
0*435952 
0*535952 
0*635952 
0*735952 
0*835952 
0*935952 
1*035952 
1*135952 
1*235952 
1*335952 
1*435952 
1*535952 
1*635952 
1.735952 
1*835952 
1*935952 
2.035952 
2*135952 
2*181641 
2*244004 
2.274994 
2*376206 
2*408155 
2.488021 
2.587457 
2.613997 
2*757512 
2*782629 
2.921782 
2,994081 
3.108929 
3.222126 
3*318612 
3.466976 
3.547547 
3*728995 
3 OAA 1 A C 

• SW ÁV S 

4.008176 

r 
0*164691 
0*165629 
0*168385 
0*172867 
0.178979 
0*186624 
0.195702 
0*206108 
0.217738 
0.230484 
0.244234 
0.258877 
0.274298 
0*290382 
0*307013 
0.324072 
0.341440 
0.358997 
0.376626 
0.384681 
0.395668 
0*401125 
0.418922 
0.424526 
0.438489 
0.455754 
0.460334 
0.484843 
0.489082 
0.512242 
0.524045 
0.542442 
0.560131 
0.574848 
0.596818 
0.608409 
0.633642 
C.656347 
0.670154 

M 

3.2743 
3.3339 
3.3628 
3.4539 
3.4814 
3.5483 
3.6270 
3.6474 
3.750,7 
3.7675 
3.8578 
3.9012 
3.9677 
4.0283 
4.0780 
4.1490 
4.1861 
4.2635 
/ o rs 

4.3737 

Z 
4*275814 
4*304884 
4.619770 
4*671081 
4.953001 
5*084408 
5*304689 
5.515025 
5.675092 
5.962048 
6*064397 
6*424715 
6.472665 
6*899762 
6*902282 
7.345342 
7.393521 
7.808234 
7.898313 
8.286477 
8.415826 
8.781357 
8.945107 
9.285800 
9,484970 
9.791384 

10.033997 
10.289177 
10.590533 
10.771090 
11.152695 
11.231577 
11.668989 
11.718380 
12.086002 
12.285718 
12.488995 
12.853563 
12.885871 

r 
0*702617 
0.705997 
0 * 740 874 
0*746259 
0.774445 
0*786786 
0*806397 
0*823905 
0.836463 
0.857403 
0.864397 
0.887161 
0.889975 
0.913000 
0.913125 
0.933307 
0.935288 
0.950758 
0.953751 
0.965282 
0.968645 
0.976976 
0.980169 
0.985849 
0.988605 
0.992118 
0.994331 
0.996181 
0.997817 
0.998549 
0.999612 
0.999759 
1.000277 
1.000308 
1.000448 
1.000473 
1.000484 
1.000467 
1.000487 

M 
4*4695 
4*4793 
4*5800 
4*5955 
4*6763 
4*7119 
4*7685 
4*8195 
4*8566 
4.9189 
4.9403 
5.0105 
5.0195 
5.0941 
5.0945 
5.1637 
5,1706 
5.2281 
5.2394 
5.2867 
5.3008 
5.3394 
5.3546 
5.3851 
5.4002 
5.4227 
5.4372 
5,4520 
5.4654 
5.4733 
5.4848 
5,4872 
5.4951 
5.4955 
5.4987 
5.4993 
5.4998 
5.4999 
5.500C 

A-lx 



7*292446 0.043^46 

* 
*0*000863 

Qi 
-0 >000045 

0>355973 -0.034307 

Ma 
4>1Q7800 

CONTOUR «s 

0*470318 

-0.297862 
-0.197862 
-0.097862 

0.002138 
0.102138 
0.202138 
0.302138 
0.402138 
0.502138 
0.602138 
0.702138 
0.802138 
0.902138 
1.002138 
1.102138 
1.202138 
1*302138 
1.402138 
1.502138 
1.602138 
1.702138 
1.802138 
1.902138 
2.002138 
2.102138 
2.202138 
2.302137 
2.402137 
2.502137 
2.602137• 
2.702137 
2.802137 
2.902137 
3.002137 
3.102137 
3.202137 
3.302137 
3.402137 
3.502137 

0.137128 
0.137343 
0.137982 
0.139036 
0.140498 
0.142358 
0.144608 
0.147239 
0.150243 
0.153611 
0.157334 
0.161404 
0.165812 
0.170548 
0.175605 
0.180973 
0.186643 
0.192606 
0.198854 
0.205378 
0.212167 
0.219215 
0.226510 
0.234045 
0.241810 
0.249795 
0.257993 
0.266393 
0.274987 
0.283765 
0.292718 
0.301837 
0.311112 
0.320535 
0.330095 
0.339784 
0.349592 
0.359511 
0.369530 

M 

3.602137 
3.702137 
3.802137 
3.902137 
4.002137 
4.102137 
4.202137 
4*302137 
4.402137 
4.502137 
4.602137 
4.632657 
4.707613 
4.798538 
4.954829 
4.974609 
5.162959 
5.216926 
5.366552 
5.494479 
5.588310 
5.787780 
5.830718 
6.095489 
6.096851 
6.382804 
6.421627 
6.691738 
6.762016 
7.019176 
7.117885 
7.360617 
7.489214 
7.828712 
7.875767 
8.277817 
8.313127 
8.695441 
8.812111 

M 
0.379640 
0.389832 
0.400097 
0.410425 
0.420806 
0.431232 
0.441693 
0.452180 
0.462683 
0.473193 
0.483703 
0.486910 
0.494784 
0.504331 
0.520723 
0.522795 
0.542473 
0.548089 
0.563590 
0.576741 
0.586315 
0.606424 
0.610705 
0.636664 
0.636796 
0.663878 
0.667473 
0.691891 
0.698072 
0.720060 
0.728235 
0.747704 
0.757654 
0.782711 
0*786047 
0.813212 
0.815464 
0.838950 
0.845701 

4.1862 
4.2228 
4.2664 
4.3395 
4.3486 
4.4325 
4.4556 
4.5183 
4.5694 
4.6061 
4.6797 
4,6952 
4.7850 
4.7854 
4.8740 
4.8852 
4.9614 
4.9800 
5.0459 
5.0698 
5.1267 
5.1552 
5.2274 
C *>*}*** 

5.3146 
5.3212 
5.3886 
5.4082 

A-x 

' "T1 



z r 
9.128475 0.863073 
9.325077 0.873193 
9.576911 0.885426 
9.851280 0.897844 

10.040672 0.905877 
10.390102 ' 0.919593 
10.519580 0.924318 
10.940959 0.938431 
11.013261 0.940661 
11.503254 0.954394 
11.521016 0.954847 
12.041554 0.966847 
12.076045 0.967556 
12.576435 0.976737 
12.658810 0.978055 
13.120921 0.984534 
13.250820 0.986086 
13.669626 0.990371 
13.851005 0.991905 
14.216768 0.994480 
14.458127 0.995830 
14.756817 0.997168 
15.070808 0.998229 
15.285287 0.998777 
15.687570 0.999498 
15.799386 0.999637 
16.298514 1.000031 
16.306938 1.000035 
16.784349 1.000176 
16.927552 1.000192 
17.260528 1.000212 
17.548668 1.000215 
17.731767 1.000216 
18.169857 1.000216 
18.201995 1.000216 

M 
5.4591 
5.4891 
5.5261 
5.5642 
5.5895 
5.6335 
5.6493 
5.6973 
5.7053 
5.7555 
5.7573 
5.8049 
5.8078 
5.8482 
5.8541 
5.8863 
5.8942 
5.9188 
5.9277 
5.9452 
5.9544 
5.9656 
5.9745 
5.9804 
5.9881 
5.9902 
5.9960 
5.9960 
5.9988 
5.9991 
5.9998 
5.9999 
5.9999 
6.0000 
6.0000 

A-xi 



M, 
6*00 

(A/A*), 
7*292446 

K.002920 

Ék 
10*00 

v> 

y 
1*4000 

»'A 
0*189408 

Z. 
13*400877 

W 
0*150 

<k 
-0*000248 

0*629310 

Ma 
3*420597 

M. 
-0*111484 

Za 
1*945217 

0 
0*018586 

». 
0*035819 

tk 
0*342994 

z r 
0*175782 0*137128 
0*275782 0*138061 
0*375782 0*140800 
0.475782 0.145254 
0.575782 0.151331 
0.675782 0.158934 
0.775782 0.167963 
0.875782 0.178316 
0.975782 0.189890 
1.075782 0.202577 
1.175782 0.216269 
1.275782 0.230856 
1.375782 0.246224 
1.475782 0.262260 
1.575782 0.278848 
1.675782 0.295872 
1.775782 0.313214 
1.875782 0.330757 
1.975782 0.348383 
2.031369 0.358184 
2.099566 0.370199 
2.123454 0.374405 
2.223594 0.392014 
2.269463 0.400055 
2.334992 0.411505 
2.456069 0.432501 
2.461544 0.433445 
2.606793 0.458233 
2.660050 0.467191 
2.774838 0.486225 
2.881965 0.503625 
2.967830 0.517300 
3.122130 0.541241 
3.185178 0.550782 
3.380818 0.579491 
3.422877 0.585483 
3*658543 0.617904 
3.796788 0.636025 
3.955377 0.656021 

ONTQUR »6 

M Z 
4.196678 
4,271725 
4.608101 
4.619319 
4.965291 
5.061945 
5.343170 
5.524355 
5.742075 
6.005598 
6.162247 
6.504854 
6.603785 
7.021336 
7.066548 
7.550052 
7,554192 
8.053250 
8.102090 

3.5126 8.573654 
3.5835 8,664722 
3.6077 9*113230 
3.7057 9,241012 
3.7485 9.663679 
3.8081 9.829612 
3.9116 10.215080 
3.9162 10.428895 
4,0292 10.756790 
4,0676 11.036957 
4.1475 11,279281 
4.2164 11.651608 
4.2696 11.776171 
4.3579 12,245926 
4.3925 12.270427 
4.4923 12.692322 
4.5129 12.891056 
4.6198 13,123464 
4.6792 13.512221 
4.7426 13.548710 

r M 
0.684867 4,8339 
0.693461 4,8606 
0.729885 4.9736 
0.731041 4.9771 
0.764996 5,0813 
0.773896 5.1087 
0.798425 5,1844 
0.813183 5.2303 
0.829889 5.2830 
0.848673 5,3427 
0.859123 5.3767 
0.880227 5.4462 
0.885887 5,4655 
0.907786 5,5412 
0.909968 5.5491 
0.931187 5.6271 
0.931352 5.6277 
0.949406 5.6992 
0.950977 5.7055 
0.964534 5.7647 
0.966821 5,7749 
0.976688 5.8237 
0.979086 5.8358 
0.985865 5.8746 
,0.988064 5.8874 
0.9922-94 5.9164 
0.994149 5.9294 
0.996406 5,9488 
0.997835 5.9614 
0.998757 5.9720 
0.999711 5.9833 
0.999925 5.9870 
1.000405 5.9953 
1.000418 5.9955 
1.000554 5.9989 
1.000573 5.9994 
1.000582 5.9999 
1.000584 5.9999 
1.000584 6.0000 

A-xll 



?
?

?
 

(AM*)!'* 
8*668005 

Ol 
4.000(23 

0*043283 

Qi 
-0*000042 

0*378363 
M, 

-0*036037 0*012360 

C O N T O U R i 7 

Z 
.0*503539 
>0*403539 
-0*303539 

•203539 
*103539 
.003539 

0*096461 
0*196461 
0*296461 
0*396461 
0*496461 
0*596461 
0*696461 
0*796461 
0*896461 
0*996461 
1.096461 
1.196461 
1.296461 
1.396461 
1.496461 
1.596461 
1.696461 
1,796461 
1.896461 
1.996461 
2.096461 
2.196461 
2.296461 
2.396461 
2.496461 
2.596461 
2.696461 
? ¢796461 
2.896461 
2.996461 
3.096461 
3.196461 
3.296461 

0*115367 
0*115582 
0*116221 
0.117277 
0*118739 
0*120601 
0*122853 
0*125486 
0*128492 
0*131863 
0*135589 
0*139662 
0*144073 
0*148813 
0*153873 
0*159245 
0.164919 
0*170886 
0*177138 
0*183666 
0*190460 
0.197512 
0.204812 
0.212351 
0.220120 
0.228111 
0.236313 
0.244718 
0.253316 
0.262098 
0.271056 
0.280179 
0.289458 
0,298884 
0.308449 
0.318141 
0.327953 
0.337875 
0.347897 

M 
3*396461 
3.496461 
3*596461 
3*696461 
3.796461 
3.896461 
3.996461 
4.096461 
4.196461 
4.296461 
4.396461 
4.424497 
4.507445 
4*592539 
4*765910 
4.771643 
4.964084 
5.040893 
5.173572 
5.333169 
5.403420 
5.642967 
5.656501 
5.934379 
5.970260 
6.237534 
6*315024 
6*564159 
6*677136 
6*910042 
7*056545 
7*395204 
7.452987 
7.866738 
7*900627 
8*297986 
8*423560 
8.746557 
8.963115 

0.358010 
0.368205 
0.378472 
0*388802 
0*399185 
0*409613 

420075 
430563 
441066 

0.451576 
0.462086 
0.465032 
0.473745 
0.482679 
0.500859 

501459 

M 

0.521558 
0.529543 
0.543270 
0.559641 
0.566790 
0.590847 
0.592191 
0.619326 
0.622766 
0.647873 
0.654978 
0.677258 
0.687073 
0.706724 
0.718679 
0*745113 
0*749459 
0,779168 
0.781491 
0*807578 
0*815372 
0.834461 
0.846500 

4.4802 
4.5239 
4.5680 
4.6553 
4.6581 
4.7503 
4.7855 
4.8451 
4.9131 
4.9424 
5.0365 
5.0417 
5.1415 
5.1536 
5.2410 
5.2646 
5.3385 
5.3699 
3.4327 
5.4698 
5*5321 
5*5653 
5.6563 
5.6634 
5.7429 
5.7668 
5.8255 
5.8630 

A-xiii 



Z 

9*212499 
9*518345 
9*495827 

10*088464 
10*196462 
10*672867 
10*714257 
11*248779 
11*270616 
11*799201 
11*880929 
12*363803 
12*503477 
12*944621 
13*137405 
13*535990 
13*781641 
14*131384 
14*434886 
14,723817 
15*095647 
15*306751 
15*762267 
15*875002 
16*425696 
16*432969 
16*958777 
17*105923 
17*477005 
17*780011 
17*985394 
18*454374 
18*489689 

r M 
0*859631 5*9043 
0*874696 5*9524 
0*882926 5*9791 
0*899854 6*0351 
0*904206 6*0500 
0*921927 6*1115 
0*923354 6*1167 
0*940279 6*1791 
0*940911 6*1814 
0*954913 6*2369 
0*956857 6*2447 
0*967225 6*2898 
0*969876 6*3016 
0*977306 6*3378 
0*980121 6*3518 
0*985178 6*3799 
0*987813 6*3948 
0*990991 6*4154 
0*993247 6*4303 
0*995006 6*4441 
0*996779 6*4581 
0*997566 6*4658 
0*998819 6*4783 
0*999045 6*4813 
0*999799 6*4912 
0*999605 6*4913 
1*000121 6*4967 
1*000164 6*4974 
1*000226 6*4992 
1*000243 6*4996 
1*000248 6*4999 
1*000249 6*4999 
1*000249 6*5000 

A-xiv 



CONTO UR 0 B 

Z 
0*057992 
0*157992 
0.257992 
0*357992 
0*457992 
0*557992 
0.657992 
0.757992 
0.857992 
0.957992 
1*057992 
1*157992 
1*257992 
1.357992 
1*457992 
1*557992 
1*657992 
1*757992 
1*857992 
1*895033 
1*968320 
1*985197 
2*083495 
2*142580 
2*193544 
2.319372 
2.335014 
2*465094 
2*546334 
2*635292 
2.777174 
2*832303 
3*027886 
3.055380 
3*298831 
3*299911 
3.590697 
3.693036 
3.903653 

r 
0*115367 
0*116308 
0*119072 
0*123566 
0*129694 
0.137359 
0*146459 
0*156891 
0.168547 
0*181319 
0*195095 
0*209764 
0*225210 
0.241317 
0.257967 
0*275041 
0*292420 
0*309984 
0*327614 
0*334145 
0.347056 
0.350027 
0*367312 
0*377666 
0*386567 
0*408381 
0.411072 
0*433240 
0*446866 
0.461570 
0*484513 
0.493250 
0*523412 
0.527545 
0*562996 
0*563148 
0.602790 
0*616066 
0.642327 

M 

3.7364 
3*8194 
3*8380 
3.9427 
4.0027 
4*0530 
4.1697 
4*1833 
4.2927 
4.3558 
4.4225 
4.5206 
4.5572 
4.6770 
4.6932 
4.8259 
4.8264 
4.9669 
5.0136 
5.1030 

z r 
4*115155 0*667299 
4*238136 0*681199 
4.563018 0*715827 
4*594690 0*719044 
4*974217 0*755552 
5.033753 0.760942 
5.376941 0.790361 
5.526404 0.802313 
5*803059 0.823143 
6*040444 0*839731 
6.252888 0.853619 
6.574967 0.873043 
6.726574 0.881531 
7.129131 0.9012175 
7*223985 ,0.906649 
7*702046 0.927122 
7.744578 0.928778 
8.287104 0.947770 
8,292691 0.947945 
8.848968 0.963528 
8.899562 0.964765 
9.432706 0.976179 
9,522090 0.977809 

10.028773 0.985704 
10.158759 0.987373 
10.625742 0.992340 
10.807742 0.993863 
11.211211 0.996544 
11.466889 0.997794 
11*774080 0.998914 
12,133706 0.999786 
12,307027 1,000067 
12.805429 1.000526 
12.808586 1.000528 
13.283613 1.000664 
13.479199 1.000679 
13.741974 1.000687 
14.153552 1.000688 
14,194507 1.000688 

M 
5*1877 
5,2339 
5*3489 
5.3595 
5.4794 
5.4971 
5*5941 
5*6338 
5.7038 
5.7600 
5.8081 
5*8762 
5.9070 
5.9829 
6*0001 
6.0802 
6.0870 
6,1673 
6.1681 
6.2403 
6.2461 
6.3059 
6,3146 
6.3625 
6.3729 
6.4090 
6*4203 
6.4448 
6.4565 
6.4702 
6.4813 
6.4865 
6.4952 
6.4953 
6.4990 
6.4994 
6.4999 
6.4999 
6.5000 

A-xv 



M. 4 r », * o 
7*00 6*00 1*4000 18*954144 0*150 0*001565 

(A/A*)?1 I/a Mf 0, 
10*205040 0*043706 0*401822 -0*038010 0*012263 

Oi (½ MU Za Ik 
•0*000785 -0*000040 4*669944 4*069045 0*427674 

Z 
-0*653368 
-0*553368 
-0*453368 
—0*353368 
-0*253368 
-0*153368 
-0*053368 

0*046632 
0*146632 
0*246632 
0*346632 
0*446632 
0*546632 
0*646632 
0*746632 
0*846632 
0*946632 
1*046632 
1*146632 
1*246632 
1*346632 
1*446632 
1.546632 
1*646632 
1*746632 
1*846632 
1*946632 
2*046632 
2*146632 
2*246632 
2*346632 
2*446632 
2*546632 
2*646632 
2*746632 
2*846632 
2,946632 
3*046632 
3*146632 

CONTOUR 

M 
0.097991 
0*098206 
0«098853 
0*099919 
0*101395 
0*103274 
0*105547 
0*108204 
0*111237 
0*114638 
0*118396 
0*122504 
0*126953 
0*131732 
0*136834 
0*142249 
0*147968 
0*153982 
0*160282 
0*166859 
0*173703 
0*180805 
0*188156 
0.195746 
0*203567 
0*211609 
0*219863 
0*228318 
0*236967 
0.245799 
0*254805 
0.263976 
0*273301 
0.282772 
0.292380 
0.302114 
0.311965 
0.321923 
0.331980 

# 9 

Z 
3*246632 
3*346632 
3*446632 
3*546632 
3*646632 
3*746632 
3*846632 
3*946632 
4*046632 
4*146632 
4*229143 
4*319699 
4*398293 
4*579220 
4*588011 
4.774578 
4*874546 
4*988665 
5*180168 
5*225229 
5.487379 
5.505099 
5.776944 
5.849272 
6*094288 
6*212693 
6.436775 
6*595226 
6.799095 
6.996905 
7,313928 
7.417491 
7.851443 
7.857169 
8*316469 
8.408166 
8,795114 
8*983500 
9.293174 

r 
0*342124 
0*352348 
0*362641 
0*372994 
0.383397 
0*393840 
0*404315 
0*414811 
0*425318 
0*435829 
0*444500 
0*454012 
0*462263 
0*481233 
'0*482153 
0*501630 
0*512013 
0*523805 
0*543411 
0*547983 
0*574237 
0.575988 
0*602415 
0.609304 
0*632149 
0*642911 
0*662756 
0.676371 
0.693370 
0.709306 
0.733703 
0.741371 
0.771916 
0.772302 
0.801881 
0.807461 
0.829859 
0.840103 
0.856037 

M 

4,7628 
4*8142 
4*8582 
4.9563 
4.9609 
5.0570 
5*1061 
5.1610 
5.2481 
5*2682 
5.3777 
5.3847 
5.4883 
5.5140 
5*5986 
5*6368 
5.7068 
5.7532 
5*8110 
5.8637 
5.9447 
5.9696 
6.0695 
6.0707 
6,1668 
6*1851 
6.2585 
6*2925 
6.3459 

A-xvi 



9.576491 
9.810662 

10.186517 
10.347581 
10.812275 
10.903655 
11*453640 
11.478412 
12.070945 
12.109249 
12.679282 
12.778484 
13.305805 
13.460632 
13.943853 
14.154483 
14.585647 
14.858555 
15.222932 
15.571134 
15.848060 
16.290296 
16.455180 

0.869656 
0.880244 
0.896010 
0.902330 
0.919116 
0.922171 
0.938975 
0.939668 
0.954754 
0.955630 
0.967392 
0.969196 
0.977687 
0.979839 
0.985660 
0.987793 
0.991476 
0,993368 
0.995426 
0.996947 
0.997886 
0.998971 
0.999262 
0.999913 
0.999933 
1.000202 
1.000230 
1,000280 
1,000291 
1,000293 

M 
6.3923 
6.4290 
6.4846 
6.5076 
6.5698 
6.5816 
6.6480 
6.6508 
6.7149 
6.7187 
6.7734 
6.7820 
6.8264 
6.8379 
6.8726 
6.8856 
6.9115 
6.9250 
6.9425 
6.9556 
6.9657 
6.9776 
6.9819 
6.9915 
6.9919 
6.9973 
6.9978 
6.9994 
6.9997 
6.9999 
6.9999 
7.0000 

17.014003 
17,041405 
17.607352 
17.740141 
18.157030 
18.467367 
18.696887 
19.194824 
19.233539 

1,000294 
1,000294 

A-xvii 



« 
>,ob 10*00 

lA/A*)^1 
10*203040 0 ,193114 

Zi 
14,364819 0*130 

• • 

ÜL M, 
0*717112 -0*126630 

nrr'" 

Q 
0*019723 

«• 
0,033823 

tk 
n,297836 

-0*028573 
0,071425 
0*171423 
0.271425 
0*371425 
0.471425 
0.571425 
0.671425 
0.771425 
0.871425 
0.971425 
1.071425 
1.171425 
1,271425 
1,371425 
1.471425 
1.571425 
1.671425 
1,770841 
1,848530 
1,858635 
1,954516 
2.025997 
2.062511 
2.186613 
2,223005 
2.331699 
2,440391 
2.502633 
2,678807 
2,702050 
2.929014 
2.938701 
3.178256 
3.220660 
3.525046 
3.589232 
3.852726 
4.031760 

0.097991 
0.098951 
0.101769 
0.106349 
0.112591 
0.120393 
0.129648 
0,140248 
0.152083 
0.165038 
0.178997 
0.193843 
0,209455 
0.225712 
0.242491 
0.259668 
0.277119 
0.294717 
0.312247 
0.325934 
0.327713 
0.344573 
0.357094 
0.363468 
0.384985 
0.391239 
0.409734 
0.427920 
0.438180 
0.466560 
0,470229 
0.505085 
0.506533 
0.541321 
0.547273 
0,588238 
0.596491 
0.629034 
0.649949 

3.9470 
4.0428 
4.0549 
4.1662 
4.2450 
4.2841 
4.4091 
4.4434 
4.5422 
4.6333 
4.6836 
4.8145 
4.8311 
4,9803 
4.9863 
5.1262 
5.1492 
5.3054 
5.3366 
5.4552 
5.5311 

4,203964 
4.503001 
4.579397 
4,979820 
5.000550 
5,406107 
5.521982 
5.858206 
6.067458 
6.336517 
6,636001 
6.841246 
7,226696 
7.372275 
7.838576 
7.929034 
8,470592 
8.510112 
9.112581 
9.121446 
9.739901 
9.789465 

10.381212 
10.473551 
11.023563 
11.171693 
11.652750 
11,881494 
12,255962 
12.600163 
12,824847 
13,324550 
13.357884 
13.860970 
14.051370 
14.345706 
14,778808 
14.824470 

0,669194 
0.700678 
0.708339 
0.746125 
0,747975 
0.782224 
0.791344 
0.816254 
0.830630 
0.847918 
0.865657 
0.876942 
0.896339 
0.903077 
0.922659 
0.926114 
0,944673 
0.945887 
0.962293 
0.962506 
0.975475 
0.976359 
0.985388 
0.986548 
0.992273 
0,993483 
0.996609 
0.997698 
0.999029 
0.999837 
1.000190 
1.000629 
1,000644 
1.000774 
1,000787 
1.000795 
1.000795 
1.000795 

M 
5.5996 
5.7113 
5.7383 
5.8711 
5.8776 
5.9979 
6.0301 
6.1192 
6.1709 
6.2347 
6.3007 
6.3442 
6.4198 
6.4473 
6.5284 
6.5436 
6.6267 
6.6325 
6.7134 
6.7144 
6.7861 
6.7911 
6.8488 
6.8564 
6.9003 
6.9098 
6,9399 
6.9507 
6.9679 
6.9787 
6,9856 
6.9945 
6.9951 
6.9990 
6.9994 
6.9999 
6.9999 
7.0000 

A-xviii 



7 ^ * O 

7,S *,()0 ‘•♦OO® 19*334700 0.130 0.001*14 

(A/**)?1 Up. K ii. a 
11.903720 0.044415 0.42*193 -0.0401M 0.012*16« 

Oi Ma Za ik 
£i222ZÜ--0.000037 4.934*1« 3.4435» „.J?.». 

Z 
-0.761502 
-0.661502 
-0.561502 
-0.461502 
-0.361502 
-0.261502 
-0.161502 
-0.061502 

0.038498 
0.138498 
0.238498 
0.338498 
0.438498 
0.538498 
0.638498 
0.738498 
0.838498 
0.938498 
1.038498 
1.138498 
1.238498 
1.336498 
1.438498 
1.538498 
1.638498 
1.738498 
1.838498 
1.936498 
2.038498 
2.138498 
2.238498 
2.338498 
2.438498 
2.538498 
2.638498 
2.738498 
2.836498 
2.938498 
3.038498 

CONTOUR ill 

r M 
0.083965 
0*084186 
0.064641 
0.085924 
0.087423 
0.089331 
0.091638 
0.094336 
0.097414 
0.100864 
0.104678 
0.106844 
0.113355 
0.118200 
0.123372 
0.128859 
0.134653 
0.140745 
0.147124 
0.153782 
0.160708 
0.167894 
0.175330 
0.183005 
0.190912 
0.199039 
0.207377 
0.215917 
0.224648 
0.233562 
0.242648 
0.251896 
0.261297 
0.270841 
0.280519 
0.290319 
0.300233 
0.310251 
0.320362 

i r 
3.136498 0.330558 
3.238498 0.340827 
3.338498 0.351160 
3.438498 0.361548 
3.538498 0.371980 
3.638498 0.382446 
3.738497 0.392937 
3.838497 0.403442 
3,938497 0.413953 
4.038497 0.424462 
4.045452 0.425193 
4.143214 0.435461 
4.214836 0.442980 
4.396568 0.462033 
4.420121 0.464496 
4.593823 0.482624 
4.717011 0.495406 
4.811355 0.505143 
5.034789 0.527971 
5.053395 0.529855 
5.323127 0.556819 
5.373536 0.561779 
5.623051 0.585919 
5.733368 0.596363 
5.953039 0.616706 
6*114214 0.631238 
6.309671 0.648396 
6.515974 0.665949 
6.686681 0.680035 
6.938778 0.700114 
7.229669 0.722220 
7.382422 0.733380 
7.797598 0.762180 
7*847137 0.765469 
8.333354 0.796144 
8.387335 0.799372 
8.841193 0.825167 
8.997326 0.833493 
9.370550 0.852314 

M 

5.0346 
5.0946 
5.1376 
5.2438 
5.2571 
5.3530 
5.4178 
5.4664 
5.5749 
5.5837 
5.7038 
5.7247 
5.8255 
5.8671 
5.9472 
6.0021 
6.0664 
6.1302 
6.1812 
6.2519 
6.3300 
6.3686 
6.4688 
6.4Ö02 
6.5864 
6.5976 
6.6876 
6.7170 
6.7842 

A-xix 



Z 

9.627060 
9.921497 

10.275675 
10.493991 
10.942391 
11.087791 
11.626414 
11.702340 
12.326909 
12.336509 
12.988220 
13.042365 
13.660187 
13.772256 
14.344677 
14.515315 
15.032610 
15.269889 
15,714344 
16.034027 
16.381088 
16.805547 
17.026306 
17.582106 
17,647152 
18.245036 
18.361324 
18,825335 
19,141593 
19.395981 
19.922061 
19.964229 

r 
0*864384 
0*877403 
0.891925 
0.900276 
0.916064 
0.920799 
0*936801 
0*938865 
0*954190 
0*954403 
0*967380 
0.968329 
0.977905 
0,979399 
0.986000 
0.987645 
0.991843 
0.993394 
0.995752 
0.997049 
0.998136 
0.999082 
0.999433 
0.999999 
1.000039 
1.000268 
1.000287 
1.000328 
1.000335 
1.000336 
1.000337 
1.000336 

M 
6.8278 
6.8759 
6.9303 
6.9627 
7.0249 
7.0444 
7.1116 
7.1207 
7.1903 
7.1914 
7.2558 
7.2606 
7.3140 
7.3225 
7.3647 
7.3754 
7.4070 
7.4188 
7,4405 
7.4525 
7.4653 
7.4765 
7.4822 
7.4914 
7.4925 
7.4977 
7.4981 
7.4996 
7.4998 
7,4999. 
7.5000 
7.5000 



U/Ä*), 
11.909720 

^^002289 

,I/A 
).200o S3 

<k 
-0.000176 

13.145375 0.150 

* M, 
»764506 -0.135702 

a 
0.020859 

0.032955 

fc 
0.278293 

-0.091988 
0.008012 
0.108012 
0.208012 
0.308012 
0.408012 
0.508012 
0.608012 
0.708012 
0.808012 
0.908012 
1.008012 
1.108012 
1*208012 
1.308012 
1.408012 
1.508012 
1.608012 
1.657340 
1.738768 

-1.742452 
1.835513 
1.918484 
1.940921 
2.062536 
2.118998 
2.206013 
2.341324 
2.376469 
2.576729 
2.586133 
2.805780 
2.854018 
3.056651 
3.145647 
3.461240 
3.485715 
3.802362 
3.946963 

0.083965 
0.084952 
0.087847 
0.092548 
0.098949 
0.106942 
0.116415 
0.127251 
0.139333 
0.152541 
0.166751 
0.181837 
0.197673 
0.214129 
0.231075 
0.248380 
0.265911 
0.283536 
0.292234 
0.306583 
0.307228 
0.323592 
0.338122 
0.342038 
0.363127 
0.372818 
0.387606 
0.410197 
0.415977 
0.448164 
0.449643 
0.483333 
0.490510 
0.520080 
0.532222 * 
VS 1 + 1*0 

0.577322 
0.616109 
0.632646 

4.1454 
4.2547 
4.2595 
4.3770 
4.4763 
4.5024 
4.6355 
4.6929 
4.7784 
4.9009 
4.9315 
5.0917 
5.0986 
5.2539 
5.2855 
5.4134 
5.4638 
5.6359 
5.6485 
5.7998 
5.8647 

♦.169067 
4.439996 
♦•562101 
♦.962628 
♦.982242 
5.430717 
5.511811 
5.907605 
6.087432 
6.413247 
6.688800 
6*947914 
7.314930 
7.511541 
7.964764 
8.103497 
8.637159 
,8.722275 
9.330842 
9.364617 

10.034834 
10.044126 
10.721006 
10.775000 
11.408585 
11.521765 
12.081535 
12.281793 
12.725249 
13.052002 
13.330166 
13.828856 
13,894571 
14.425293 
14.608615 
14.935668 
15,389057 
15,439681 

0.657429 
0.685650 
0.697760 
0.735004 
0.736732 
0.774026 
0.780321 
0.809239 
0.821413 
0.842042 
0.858114 
0.872143 
0.890320 
0.899277 
0.918002 
0.923216 
0.941208 
0.943782 
0.960059 
0.960855 
0.974594 
0.974757 
0.984933 
0.985601 
0.992107 
0.993018 
0.996611 
0.997550 
0.999111 
0.999865 
1.000296 
1.000726 
1.000756 
1.000885 
1 * 000 896 
1.000905 
1.000905 
1.000905 

M 
5.9580 
6.0648 
6.1103 
6.2499 
6.2564 
6.3959 
6.4195 
6.5293 
6.5758 
6.6565 
6.7198 
6.7770 
6.8520 
6.8906 
6.9726 
6.9968 
7.0817 
7.0948 
7.1794 
7.1839 
7.2642 
7.2652 
7,3335 
7.3381 
7.3904 
7.3979 
7.4341 
7.4438 
7,4649 
7.4756 
7,4844 
7.4936 
7.4948 
7.4990 
7.4993 
7.4999 
7.4999 
7.5000 

A-xxi 



î
î
î
t

 

-* 

um*): 
13,788013 

<* 
0,000713 

0,045345 

(½ 
-0 «000035 

V 
20,114553 0,150 

^ Mt 
0,431374 -0,042538 

a 
0,001685 

Z 
•838312 
•738312 
•638312 
,538312 

-0,438312 
-0,338312 
-0,238312 
-0,138312 
-0,038312 

0,061688 
0,161686 
0,261688 
0,361668 
0,461688 
0,561688 
0,661688 
0,761688 
0,861688 
0,961688 
1,061688 
1,161686 
1,261688 
1,361688 
1,461686 
1,561688 
1,661688 
1,761688 
1,861688 
1,961688 
2,061688 
2,161688 
2,261688 
2,361666 
2.461688 
2,561687 
2,661687 
2,761687 
2,861687 
2,961687 

0*072527 
0*072752 
0*073421 
0*074526 
0*076055 
0,078001 
0,080354 
0*083104 
0*086241 
0*089757 
0*093641 
0,097884 
0,102476 
0,107408 
0,112669 
0,118251 
0,124143 
0,130335 
0,136817 
0,143580 
0,150614 
0,157908 
0*165453 
0,173238 
0,181255 
0.189491 
0,197938 
0,206586 
0,215423 
0,224441 
0,233629 
0,242976 
0,252472 
0,262108 
0.271873 
0,281757 
0,291749 
0,301839 
0,312017 

3*061687 
3*161687 
3*261687 
3*361687 
3,461687 
3,561687 
3,661687 
3,761687 
3,861687 
3,872437 
3,976996 
4,041327 
4,223044 
4,261404 
4,421287 
4,567542 
4,641233 
4,887523 
4.896310 
5,163644 
5,247764 
5,472584 
5,622107 
5,813759 
6,019243 
6,182939 
6*439118 
6*573103 
6,881981 
7,142803 
7,347673 
7.739867 
7,836456 
8,348650 
8,361546 
8,884838 
9,005122 
9.444725 
9.670627 

0,322273 
0.332596 
0,342975 
0,353402 
0,363865 
0,374354 
0,384859 
0,395369 
0.405879 
0,407009 
0.417990 
0.424744 
0.443794 
0.447807 
0.464464 
0.479646 
0,487244 
0.512369 
0.513257 
0.539927 
0.548174 
0.569828 
0.583905 
0.601543 
0.619936 
0.634193 
0.655798 
0.666752 
0.691105 
0.710706 
0.725495 
0.752351 
0.758677 
0.790391 
0.791150 
0.820413 
0.626719 
0.848495 
0.856926 

5.2964 
5,3654 
5,4070 
5,5211 
5,5443 
5,6390 
5.7213 
5.7619 
5,8895 
5.8937 
6,0203 
6.0574 
6,1536 
6,2132 
6.2870 
6.3609 
6.4177 
6.5013 
6,5434 
6,6346 
6.7082 
6,7626 
6,8618 
6.8850 
7.0019 
7,0047 
7.1130 
7,1366 
7.2191 
7,2590 

A-wli 

i 



Z 
10.028414 
10.357140 
10.835882 
11.083814 
11.288832 
11.769785 
11.920892 
12.534142 
12.598173 
13.290789 
13.295777 
14.007969 
14.072924 
14.738704 
14.864796 
15.472536 
15.669541 
16.198407 
16.484989 
16.906294 
17.308687 
17.588954 
18.137966 
18.243635 
18.872657 
18.970171». 
19.482843 
19.803406 
20.083614 
20.636818 
20.682639 

r 
0.874441 
0.867645 
0.896082 
0.912817 
0.919277 
0.934441 
0.937911 
0.952569 
0.953906 
0.967226 
0.967311 
0.977998 
0.978834 
0.986234 
0.987401 
0.992125 
0.993351 
0.996015 
0.997109 
0.998344 
0.999171 
0.999579 
1.000077 
1.000135 
1.000334 
1.000346 
1.000381 
1.000385 
1.000387 
1.000366 
1.000386 

M 
7.3196 
7.3723 
7.4152 
7.4767 
7.5049 
7.5724 
7.5688 
7.6594 
7.6663 
7.7369 
7.7374 
7.8006 
7.8057 
7.8560 
7.8640 
7.9019 
7.9119 
7.9381 
7.9490 
7.9646 
7.9752 
7.9824 
7.9912 
7.9929 
7.9980 
7.9982 
7.9997 
7.9998 
7.9999 
8.0000 
8.0000 

A-xxiii 



1 * y *i * a 
«•oo 10.00 1.4000 1S.72M27 0.150 0.022305 

1/. ’ û il a 
13.768015 O.2O7I94 0.814011 -0.145701 0.032*153 

—002130--0.000156 4.218000 1.47^074 

Z 
•0.138126 
-0.038126 

0.061874 
0.161874 
0.261874 
0.361874 
0.461874 
0.561874 

•0.661874 
0.761874 
0.861874 
0.961874 
1.061874 
1.161874 
1.261874 
1.361874 
1.461874 
1.553308 
1.635509 
1.637904 
1.725500 
1.819009 
1.827922 
1.946461 
2.022100 
2.087524 
2,248373 
2.256437 
2.455927 
2.498523 
2.686049 
2.773237 
2.941263 
3.073383 
3.382480 
3.399098 
3.752334 
3.861140 
4.133300 

CONTOUR 01 4 

r M 
0.072527 
0.073547 
0*076536 
0.081386 
0.087983 
0.096210 
0.105946 
0.117069 
0.129450 
0.142961 
0.157468 
0.172837 
0.188931 
0.205611 
0.222738 
0.240171 
0.257768 
0.273891 4.3326 
0.288373 4.4526 
0.283794 4.4560 
0.304197 4.5761 
0.320569 4.6976 
0.322124 4.7088 
0.342685 4.8494 
0.355654 4.9327 
0.366761 5.0021 
0.393568 5.1591 
0.394892 5.1667 
0.426973 5.3388 
0.433652 5.3727 
0.462323 5.5149 
0.475245 5.5761 
0.499425 5.6884 
0.517778 5.7701 
0.558532 5.9492 
0.560639 5.9581 
0.603519 6.1370 
0.616012 6.1887 
0.645882 6.3095 

Z 
4.374456 
4.542714 
4.920415 
4.981489 
5.450777 
5.496475 
5.951276 
6.101004 
6.483104 
6.734063 
7.046615 
7.394561 
7.641781 
8.081378 
8.267962 
8.793270 
8.923529 
9.528853 
9.604979 

10.286433 
10.317461 
11.048038 
11.063926 
11.780716 
11.858785 
12.497559 
12.668609 
13.182067 
13,490044 
13.823292 
14,319172 
14,419156 
14.977270 
15,151767 
15.512633 
15.985143 
16.040979 

r 
0.670 768 
0.687295 
0.722050 
0.727374 
0.765769 
0.769275 
0.802104 
0.812112 
0.835999 
0.850444 
0.867145 
0.884147 
0.895260 
0.913178 
0.920099 
0.937575 
0.941464 
0.957452 
0.959225 
0.973009 
0.973549 
0.984348 
0.984543 
0.991848 
0.992472 
0.996554 
0.997353 
0.999160 
0.999870 
1.000393 
1.000819 
1.000865 
1.000996 
1.001007 
1.001017 
1 » 00101 ? 

1.001017 

M 
6,4098 
6.4757 
6.6142 
6.6355 
6.7883 
6.6023 
6.9343 
6.9747 
7.0735 
7.1336 
7.2056 
7.2795 
7.3301 
7.4127 
7.4465 
7. 5333 
7,5541 
7.6413 
7.6519 
7.7365 
7.7402 
7.8165 
7.8179 
7.8791 
7,8845 
7.9273 
7.,9360 
7.9614 
7.9718 
7.9829 
7.9924 
7.9943 
7.9989 
7,9992 
7,9999 
7,9999 
8.0000 

A-niv 



2 r 
0*891429 0*0631(9 
0*791429 0*063329 
0*691429 0*064023 

>0*591429 0*065155 
.0*491429 0*066721 
•0.391429 0*068712 
-0.291429 0*071119 
.0*191429 0*073931 
.0.091429 0*077138 
0*008571 0.080731 
0*108571 0.084700 
0*208571 0.089033 
0*308571 0.093722 
0.408571 0.098756 
0.508571 0.104124 
0.608571 0.109816 
0.708571 0.115823 
0.808571 0.122134 
0.908571 0.128737 
1.008571 0.135624 
1.108571 0.142783 
1.208571 0.150204 
1.308571 0.157877 
1.408571 0.165791 
1.508571 0.173935 
1.608571 0.182299 
1.708571 0.190872 
1.808571 0.199644 
1.908571 0.208604 
2.008571 0.217741 
2.108571 0.227044 
2.208571 0.236504 
2.308571 0.246109 
2.408571 0.255848 
2,508571 0.265711 
2.608571 0.275687 
2.708571 0.285764 
2.808571 0.295934 
2.908571 0.306183 

M z 
3*008571 
3*108571 
3*208571 
3.308571 
3.408571 
3.508571 
3.608571 
3.708571 
3.709251 
3*820191 
3.877045 
4.058042 
4,111110 
4.256478 
4.425493 
4.477933 
4.727214 
4.764165 
5.008736 
5.127314 
5.325411 
5.515105 
5,676412 
5.927471 
6.0 56636 
6.364590 
6,627963 
6.826311 
7.232558 
7.312891 
7.824845 
7,865628 
8.362669 
8.524245 
8.926214 

0¾ A ^ O 0*7 
yt cu i V * * 

9.515717 
9.915448 

10.131328 

0.316503 
0.326681 
0.337307 
0.347770 
0.358260 
0.368765 
0.379276 
0.389786 
0.389857 5.5487 
0,401509 5.6273 
0,407477 5.6668 
0.426452 5,7888 
0.432001 5.8232 
0.447158 5.9153 
0.464666 6,0169 
0.470066 6.0477 
0.495479 6.1855 
0.499205 6.2046 
0.523541 6.3276 
0.535124 6.3830 
0.554127 6.4728 
0.571895 6.5527 
0.586657 6.6183 
0.608981 6.7136 
0.620151 6.7609 
0.645912 6.8659 
0,666978 6.9517 
0.682264 7.0121 
0.712043 7.1301 
0.717693 7.1521 
0.751910 7.2856 
0.754505 7.2957 
0.784645 7.4129 
0.793861 7.4490 
0.815612 7.5346 
0.829877 7,5913 
0.844583 7.6507 
0.862358 7,7233 
0.871356 7.7610 

A-xxv 



Z 
10.645949 
10.773036 
11.396444 
11.440567 
12.133377 
12.171520 
12.849902 
12.964165 
13.587212 
13.775747 
14.349241 
14.604896 
15.125893 
15.449819 
15.905342 
16.308386 
16.675040 
17,178070 
17.423652 
16.056029 
18.143218 
18.831102 
18.939052 
19.490540 
19.824556 
20.129961 
20,710812 
20.760213 

r M 
0.891192 7.8452 
0*895749 7.8653 
0.916331 7.9575 
0*917610 7.9635 
0.936817 8.0550 
0.937776 8.0597 
0.953279 8.1397 
0.955603 8.1519 
0*966952 8.2167 
0.969956 8.2343 
0.977975 8.2862 
0.981031 8.3064 
0.986363 8.3464 
0.989111 8.3675 
0.992318 8.3963 
0.994574 8.4170 
0.996207 8.4353 
0.997887 8.4545 
0.998500 8.4636 
0.999588 8.4801 
0.999689 8.4823 
1.000208 8.4931 
1.000251 8.4940 
1.000384 8.4982 
1.000412 8.4990 
1.000423 8.4998 
1.000426 8.4999 
1.000426 8.5000 

A-xxvi 



16*304503 

»/»*)! 
15*845697 

0*001992 
Qi 

-0*000138 

* 
0*865548 

Ma 
4*389702 

M, 
-0*156618 

Za 
1*384396 

0*024044 

0*031407 

fc 
0*244106 

CONTOUR #16 

-0.171294 
-0,071294 

0*028706 
0*128706 
0.228706 
0*328706 
0*428706 
0.528706 
0.628706 
0.728706 
0.828706 
0.928706 
1.028706 
1.128706 
1.228706 
1.328706 
1.428706 
1.457709 
1.536829 
1.544882 
1.623618 
1.722704 
1.726684 
1.837771 
1.931562 
1.975741 
2.141900 
2.160883 
2.339761 
2.415398 
2.569748 
2,695922 
2.826157 
3.003519 
3.279444 
3.338440 
3.702446 
3.774484 
4.096525 

0*063109 
0*064167 
0*067266 
0*072287 
0*079109 
0.087604 
0.097642 
0.109089 
0.121807 
0.135656 
0.150492 
0.166168 
0.182537 
0.199448 
0.216750 
0.234291 
0.251920 
0.257034 
0.270975 
0.272392 
0.286236 
0.303584 
0.304278 
0.323548 
0.339617 
0.347111 
0.374808 
0.377919 
0.406658 
0.418488 
0.442026 
0.460666 
0.479344 
0.503884 
0.540087 
0.547527 
0.591232 
0.599445 
0.634532 

M 

4.5094 
4.6348 
4.6471 
4.7642 
4.9037 
4.9090 
5.0517 
5.1633 
5.2139 
5.3890 
5.4075 
5.5736 
5.6382 
5.7636 
5,8585 
5.9516 
6.0684 
6.2386 
6.2722 
6.4670 
6.5032 
6.6542 

4,306665 
4.521155 
4.874601 
4.977384 
5.466284 
5.476329 
5.989231 
6.108579 
6.546108 
6.772214 
7.137356 
7.466052 
7.762994 
8.188914 
8,422387 
8.939430 
9.113822 
9.71613: 
9.833509 

10.517178 
10.587589 
11.340555 
11.362105 
12.139705 
12.183261 
12.900592 
13.042452 
13.626277 
13.914791 
14.304273 
14,795985 
14,931852 
15.517256 
15.Ç81319 
1 A*n77rt7n 
• w , V i r V * V 

16.567578 
16.628888 

0.656040 
0.676931 
0.709156 
0.718032 
0.757457 
0.758219 
0.794854 
0.802744 
0.829798 
0.842665 
0.861959 
0.877837 
0.891038 
0.908203 
0.916770 
0.933788 
0.938944 
0.954699 
0.957410 
0.971129 
0.972346 
0.983374 
0.983637 
0.991500 
0.991848 
0.996442 
0.997107 
0.999181 
0.999853 
1.000476 
1.000906 
1.000971 
1.001110 
1.001120 
1 A A ^ 1 S 
* •UU ± X J I 

1.001132 
1.001132 

A-xxvil 

M 
6.7463 
6,8348 
6.9710 
7.0085 
7.1752 
7,1784 
7.3341 
7.3677 
7.4857 
7.5422 
7.6298 
7.7025 
7.7657 
7.8488 
7.8928 
7.9814 
8,0103 
8.1003 
8.1172 
8,2051 
8,2139 
8.2953 
8.2976 
8.3665 
8,3696 
8.4195 
8.4270 
8.4571 
8.4674 
8.4809 
8,4909 
8.4936 
8,4988 
8.4991 
6.499y 
8.4999 
8.5000 

« 



-0*926530 
-0*826530 
-0*726530 
-0*626:30 
-0.526530 
-0*426530 
-0*326530 
-0*226530 
-0*126530 
-0.026530 

0.073470 
0.173470 
0.273470 
0.373470 
0.473470 
0*573470 
0*673470 
0*773470 
0*873470 
0.973470 
1*073470 
1*173470 
1.273470 
1.373470 
1.473470 
1.573470 
1.673470 
1.773470 
1.873470 
1.973470 
2.073470 
2.173470 
2.273470 
2.373470 
2.473470 
2.573470 
2.673470 
2.773470 
2.873470 

0*055284 
0*055521 
0*056225 
0*057385 
0*058991 
0*061034 
0*063501 
0*066384 
0.069670 
0.073351 
0.077414 
0.081850 
0.086647 
0.091795 
0.097283 
0*103100 
0.109235 
0.115678 
0.122417 
0.129442 
0.136741 
0*144303 
0.152117 
0.160173 
0.168458 
0.176962 
0.185673 
0.194581 
0.203674 
0.212941 
0.222370 
0.231950 
0.241670 
0.251519 
0.261484 
0.271556 
0.281722 
0.291970 
0.302291 

2.973470 
3*073470 
3*173470 
3*273470 
3.373470 
3.473470 
3*555146 
3*672047 
3.721343 
3*901026 
3*968580 
4.098970 
4.290295 
4.321121 
4*572433 
4*637903 
4.858265 
5.011771 
5*181513 
5*412020 
5.541051 
5.838627 
5.930974 
6.291893 
6.524811 
6.771746 
7.154610 
7.278479 
7.812515 
7.815971 
8.374833 
8.504741 
8.965113 
9.220919 
9.583627 
9.963317 

10.230595 
10.730959 
10.906011 

0*312671 
0.323100 
0*333567 
0*344059 
0.354566 
0.365077 
0.373660 
0.385938 
0.391112 
0.409949 
0*417011 
0.430601 
0*450405 
0.453576 
0.479182 
0.485769 
0.507644 
0.522589 

i 536811 
560302 
572050 
598352 
606287 
636263 

0.654743 
0.673607 
0.701402 
0.710025 
0.745206 
0.745424 
0.778896 
0.786209 
0.810780 
0.823548 
0.840619 
0.857238 
0.868198 
0.887158 
0.893325 

0, 
O. 

0( 

0. 
0. 
0. 

5.7919 
5.8808 
5.9175 
6.0472 
6.0940 
6.1824 
6.3051 
6.3244 
6.4723 
6.5083 
6.6259 
6.7019 
6.7833 
6.8859 
6.9413 
7.0604 
7.0960 
7.2256 
7.3054 
7.3844 
7.5009 
7.5365 
7.6820 
7.6829 
7.8204 
7.8507 
7.9529 
8.0065 
8.0792 
8.1508 
8.1993 
8.2842 
3.3129 

A-xxvlii 



Z 

11*522736 
11*609612 
12*337718 
12,340653 
13*097695 
13.173750 
13*877323 
14,030590 
14,683996 

' 14,906770 
15,506453 
15,800377 
16,331417 
16,709052 
17,144750 
17,630020 
17,933757 
18,560135 
18,689808 
19,410316 
19,495886 
20,099544 
20,434230 
20,767569 
21.373341 
21,426639 

r 
0*913253 
0*915838 
0*935534 
0*935606 
0*952536 
0*954048 
0*966573 
0*968956 
0.977867 
0,980458 
0,986427 
0,988845 
0*992465 
0*994504 
0.996371 
0.997919 
0.998641 
0*999656 
0.999796 
1*000286 
1.000316 
1,000445 
1.000468 
1.000477 
1.000479 
1.000479 

M 
8,4070 
8,4198 
8,5192 
8,5196 
8,6116 
8,6200 
8,6954 
8,7101 
8.7709 
8.7890 
8.8363 
8.8558 
8.8902 
8.9099 
8.9321 
8.9509 
8.9624 
8.9788 
6.9821 
8.9933 
8.9940 
8.9983 
8.9991 
8.9998 
8.9999 
9.0000 

A-xxlx 



M, ék r Z, * 
9*00 10*00 1*4000 16*883298 0*150 

I/a h, m, 
18*088372 0*224333 0*919078 -0*168466 

a 
0*026072 

0*030712 

a, Qk 
0.001873 -0.000121 

Ma Za 
4*551914 1*299291 

b 
0*229100 

CON TOUR » 1 8 

Z M z r 
-0*194672 0*055284 
-0*094672 0*056385 

0*005328 0*059607 
0*105328 0*064819 
0.205328 0.071890 
0*305328 0*080682 
0*405328 0.091051 
0.505328 0.102853 
0.605328 0.115936 
0.703328 0.130148 
0*805328 0*145330 
0.905328 0.161325 
1.005328 0*177970 
1.105328 0.195101 
1.205328 0.212555 
1*305328 0.230165 
1.369659 0*241509 
1.445636 0.254897 
1,458899 0.257231 
1,529124 0.269578 
1,624553 0,236291 
1,640730 0,239112 
1,735940 0.305623 
1,846735 0.324593 
1.870289 0.328585 
2.032780 0.355701 
2.078281 0.363147 
2.228159 0.387194 
2.336292 0.404073 
2.456938 0.422433 
2,621687 0.446709 
2.713514 0.459842 
2.935750 C.490491 
3.177315 0.522054 
3.278854 0.534801 
3,652535 0.579222 
3.687352 0*583167 
4.058632 0.623361 
4.237029 0.641489 

4.497358 
4*825653 
4.969894 
5.451380 
5*477398 
6.021453 
6.110759 
6.602231 
6.803901 
7.220086 
7,530105 
7.875104 
8.268066 
8.566659 
9.076380 
9.292965 

4.6764 9.893426 
4.0070 10.050012 
4.3290 10.737246 
4,9421 10.344972 
5.0875 11.605689 
5.1108 11.662977 
5.2430 12.485309 
5.3852 12,495936 
5.4143 13.290488 
5.5992 13.404061 
5.6468 14.057860 
5.7964 14.326972 
5.8954 14,773235 
6.0005 15.260029 
6.1331 15.433014 
6.2031 16.045803 
6.3591 16.198003 
6,5176 16*629683 
6.5789 17.137092 
6.7901 17,204221 
6.5056 
6.9923 
7.0746 

0*666659 
0*696349 
0.708704 
0.747143 
0.749100 
0.787491 
0.793338 
0.823440 
0.834805 
0.856586 
0.871416 
0.886611 
0.903100 
0.913233 
0.929868 
0.936222 
0.951816 
0.955411 
0.969132 
0.970987 
0.982105 
0.982805 
0.991065 
0.991151 
0.996279 
0.996817 
0.999177 
0.999816 
1.000551 
1.000991 
1.001079 
1.001228 
1.001239 
1.001252 
1.001253 
1.001253 

M 
7,1876 
7.3204 
7,3757 
7.5474 
7.5563 
7,7287 
7,7550 
7,8932 
7,9457 
8,0496 
8.1209 
8.1973 
8.2810 
8.3355 
8.4261 
8.4633 
8.5563 
8.5798 
8.6713 
8.6852 
8.7705 
8,7767 
8.8523 
8.8531 
8.9107 
8.9169 
8,9522 
8.9622 
8,9785 
8,9891 
8.9927 
8,9985 
8.9989 
8.9999 
3.9999 
9.0000 

A-xxx 



h 
21.851016 

(am*); 
20.521463 

0| 
•0.000617 

I/* 
0.049099 

Qi 
-0.000030 

* 
0.531086 

Ma 
5.898381 

M. 
-0.050528 

Za 
3.255800 

0.011765 

fc 
0.342198 

CONTOU R 019 

Z 
-0.947876 
-0.847876 
-0.747876 
-0.647876 
-0,547876 
-0.447876 
-0.347876 
-0.247876 
-0.147876 
-0.047876 

0.052124 
0.152124 
0.252124 
0.352124 
0.452124 
0.552124 
0.652124 
0.752124 
0.852124 
0.952124 
1.052124 
1.152124 
1.252124 
1.352124 
1.452124 
1.552124 
1.652124 
1.752124 
1.852124 
1.952124 
2.052124 
2.152124 
2.252124 
2.352124 
2.452124 
2.552124 

2.752124 
2.852124 

r 
0.048729 
0.048973 
0.049697 
0.050890 
0.052541 
0.054640 
0.057174 
0.060134 
0.063507 
0.067283 
0.071450 
0.075997 
0.080913 
0.086186 
0.091804 
0.097757 
0.104032 
0.110618 
0.117504 
0.124677 
C.132126 
0.139840 
0.147806 
0.156013 
0.164449 
0.173102 
0.181960 
0.191011 
0.200244 
0.209646 
0.219205 
0.228910 
0.238748 
0.248707 
0.258776 
0.268942 
0.279193 
0.289518 
0.299903 

M Z 
2.952124 
3.052124 
3.152124 
3,252124 
3.352124 
3.409445 
3,531895 
3.573641 
3.751518 
3.833233 
3.948376 
4.161440 
4.170493 
4.422922 

* 4,517091 
4.712069 
4.900771 
5.040783 
5.312548 
5.407621 
5.752467 
5.806015 
6.220969 
6.421078 
6.718066 
7.074905 
7.244094 
7.763081 
7.799522 
8.385338 
8.481502 
9.001591 
9.229306 
9.648401 

10.005736 
10.326053 
10.809714 
11.034574 
11.640129 

r 
0.310337 
0.320808 
0.331304 
0.341812 
0.352323 
0.358347 
0.371207 
0.375589 
0.394236 
0.402776 
0.414773 
0.436811 
0.437741 
0.463450 
0.472906 
0.492218 
0.510534 
0.523869 
0.549099 
0.557714 
0.588030 
0.592604 
0.626846 
0.642606 
0.665115 
0.690795 
0.702464 
0.736300 
0.738567 
0.773155 
0.778504 
0.805921 
0.817139 
0.836598 
0.852017 
0.864961 
0.883010 
0.890808 
0.910056 

M 

6.0264 
6.1261 
6.1594 
6.2966 
6.3573 
6.4405 
6.5862 
6.5922 
6.7503 
6.8052 
6.9155 
7.0144 
7.0854 
7.2131 
7.2561 
7.4016 
7.4234 
7.5801 
7,6520 
7.7517 
7,8655 
7,9163 
8.0641 
8,0740 
8.2242 
8.2475 
8.3677 
8.4173 
8.5047 
8.5746 
8« 6349 
8.7200 
8.7581 
8.8537 

A-xxxl 



Z 

11.773686 
12.493905 
12.542576 
13.33958» 
13.-375332 
14.161170 
14,276919 
15.012229 
15.199754 
15.860309 
16.141694 
16.750623 
17.100188 
17.607436 
18.072234 
18.436637 
19.054362 
19.228793 
19,981438 
20.042753 
20.699924 
21.033885 
21.395945 
22.025810 
22.083184 

r 
0.913965 
0.933163 
0.934292 
0.951688 
0.952386 
0.966099 
0.967861 
0.977676 
C.979808 
0.986423 
0.988518 
0.992562 
0.994392 
0.996499 
0.997928 
0.998761 
0.999713 
0.999892 
1.00C361 
1.000381 
1.000507 
1.000527 
1.000535 
1.000537 
1.000536 

A-xxxii 

M 
8.8740 
8.9759 
8.9822 
9.0821 
9.0862 
9.1729 
9.1843 
9.2546 
9.2702 
9.3253 
9.3431 
9.3835 
9.4022 
9.4286 
9.4469 
9.4609 
9.4773 
9.4818 
9.4934 
9.4938 
9.4985 
9.4991 
9.4999 
9.4999 
9.5000 



M, 
9.50 

* 
10*00 

JA 
(A/A*); 

20*521483 

Ql 
H)*001773 

r 
1*4000 

I/A 
0*234109 

17.461690 0*150 

Ok 
-0*000105 

M. 
0*974596 

MU 
4,705257 

Za 
1,220955 

a 
0*028394 

-0*181279 0*030065 

0,215287 

CONTOUR «20 

Z 
-0,210624 
-0,110624 
-0,010624 

0,089376 
0,189376 
0,289376 
0,389376 
0,489376 
0,589376 
0,689376 
0.789376 
0,889376 
0.989376 
1.089376 
1,189376 
1.288385 
1,361213 
1.379229 
1.441360 
1.533009 
1.560546 
1.640472 
1.767058 
1.770760 
1.923924 
2,000089 
2.120951 
2,260801 
2.347550 
2.550204 
2.603328 
2.869807 
3.076133 
3.220133 
3.599763 
3.602470 
4.019509 
4,165693 
4.471239 

r 
0.048729 
0,049878 
0.053233 
0,058654 
0.065996 
0.075108 
0.085833 
0*098013 
0*111481 
0.126070 
0.141608 
0.157920 
0.174828 
0.192155 
0,209720 
0.227178 
0.240013 
0.243183 
0.254107 
0.270163 
0.274963 
0.288822 
0.310483 
0.311111 
0.337537 
0.349170 
0.368542 
0.390338 
0.403518 
0.433317 
0.44C899 
0.477553 
0.504418 
0.522426 
0.567159 
0.567464 
0.612349 
0.627110 
0.656463 

Ml 

4.8343 
4,9698 
5.0021 
5.1102 
5.2613 
5.3041 
5.4236 
5.5990 
5.6039 
5.7980 
5.8781 
6.0076 
6.1449 
6.2258 
6.4001 
6.4433 
6.6425 
6.7862 
6.8785 
7.1049 
7.1064 
7.3238 
7.3948 
7.5341 

4 
4 
5 
5 
6 
6 
6 
6 
7 
7 
7 
8 
8 
9 
9 

10 
10 
10 
11 
11 
11 
12 
12 
13 
13 
14 
14 
15 
15 
15 
16 
16 
17 
17 
17 

Z 
.773777 
•956962 
•422091 
,483994 
,047905 
.107775 
,651439 
,829370 
,294755 
,586937 
.978030 
.379118 
700666 
204375 
460824 
061010 
254288 
946921 
089345 
859815 
950323 
796634 
817270 
666923 
753692 
476571 
726836 
230053 
711531 
922669 
563084 
702044 
170760 
693920 
767306 

r 
0.683630 
0.699379 
0.736068 
0.740688 
0.780012 
0.783899 
0.816926 
0.626869 
0.851029 
0.864891 
0.881984 
0.897876 
0.909491 
0.925821 
0.933302 
0.948811 
0.953233 
0.967025 
0.969476 
0.980746 
0.981855 
0.990384 
0.990 549 
0.996066 
0.996484 
0.999151 
0.999761 
1.000622 
1.001078 
1.001193 
1.001356 
1.001367 
1.001383 
1.001384 
1.001384 

Ml 
7,6625 
7,7368 
7,9097 
7,9317 
8,1181 
8.1365 
8.2959 
8.3441 
8.4650 
8,5348 
8.6248 
8,7091 
8.7744 
8,8673 
8,9130 
9.0093 
9.0393 
9.1349 
9,1540 
9.2436 
9,2538 
9,3345 
9.3364 
9.4006 
9.4056 
9,4464 
9.4563 
9.4757 
9,4868 
9.4916 
9,4983 
9,4986 
9.4999 
9.4999 
9.5000 

A-xxxlil 



I 

M, 
10.00 6.00 

(A/A*)^ 
23.150321 

0| 
ho.000589 

r 
1.4000 

V* 
0.050599 

22.429066 
W 

0.150 0.002098 

Ok 
-0.000028 

* 
0.558916 

Ma 
6.118029 

-0.053480 0.011658 

ZA 
3.120365 0.327966 

CONTOUR 0 2 i 

Z 
958685 
858685 
758685 
658685 
558685 
456685 
358685 
258685 
158685 
058685 
041315 
141315 
241315 
341315 
441315 
541315 
641315 
741315 
841315 
941315 
041315 
141315 
241315 
341315 
441315 
541315 
641315 
741315 
841315 
941315 
041315 
141315 
241315 
341315 
441315 
541315 
641315 
741315 
841315 

r 
043196 
043447 
044193 
045421 
047120 
049279 
051886 
054929 
058395 
062274 
066552 
071219 
076261 
081667 
087425 
093522 
099946 
106634 
113725 
121056 
128664 
136537 
144663 
153028 
161621 
170429 
179438 
188637 
196013 
207552 
217243 
227073 
237023 
247096 
257264 
267519 
277849 
288241 
298681 

M 
2.941315 
3.041315 
3.141315 
3.241315 
3.271560 
3.399143 
3.433425 
3.609067 
3.704550 
3.604326 
4.025617 
4,038427 
4.278521 
4.401346 
4.570050 
4.793988 
4,903163 
5.216426 
5.276206 
5.668784 
5.681965 
6.151653 
6.317000 
6.665140 
6.993752 
7.209633 
7.707635 
7.785664 
8.394152 
8,454890 
9.035627 
9.233442 
9.710051 

10.043039 
10.417732 
10.882669 
11.158741 
11.751049 
11.932798 

A-xxxiv 

0.309157 
0.319656 
0.330166 
0.340677 
0.343855 
0.357254 
0.360652 
0.379265 
0.389242 
0.399634 
0.422515 
0.423831 
0.446264 
0.460576 
0.477251 
0.498927 
0.509292 
0.538261 
0.543655 
0.577997 
0.579117 
0.617649 
0.630584 
0.656780 
0.680241 
0.695004 
0.727175 
0.731982 
0.767426 
0.770767 
0.801039 
0.810667 
0.832527 
0.846713 
0.861653 
0.878765 
0.888205 
0.906757 
0.911998 

M 

6.2528 
6,3639 
6.3930 
6.5379 
6.6133 
6.6902 
6.8512 
6.8600 
7.0197 
7.0956 
7.1966 
7,3208 
7.3792 
7,5345 
7.5630 
7.7374 
7,7430 
7.9295 
7.9918 
8.1143 
8.2239 
8.2918 
8,4398 
8.4618 
8.6242 
8.6396 
8.7792 
8.8239 
8.9271 
8,9947 
9,0678 
9.1525 
9.2009 
9.2976 
9.3262 



Z 

12*647040 
12*739047 
13*569262 
13*575575 
14,438748 
14*515271 
15*333915 
15*484308 
16,247399 
16,474230 
17,162956 
17.482275 
18.063141 
18.505187 
18.932360 
19,539191 
19,760380 
20,544796 
20.580137 
21.292039 
21*624011 
22,015484 
22,668717 
22,730253 

r 
0*930689 
0*932881 
0*950624 
0*950745 
0*965536 
0*966680 
0*977407 
0*979084 
0.986356 
0*988135 
0*992609 
0*994241 
0*996594 
0*997913 
0*998860 
0*999759 
0*999977 
1*000430 
1*000440 
1*000567 
1*000583 
1*000591 
1*000592 
1*000592 

M 
9*4302 
9.4431 
9*5503 
9*5511 
9.6491 
9.6568 
9*7373 
9*7502 
9*8136 
9.8294 
9*8762 
9.8937 
9.9246 
9.9424 
9.9591 
9.9755 
9.9813 
9,9934 
9.9936 
9.9985 
9.9992 
9.9999 
9.9999 

10.0000 

A-xxxv 



I 

*1 
18.039741 

(AM*)* 
23.150321 

4 
-0.001690 

0.244701 

-0.000090 

* 
1.032121 

Ma 
4.850276 

-0.195104 

Za 
1.148685 

0.031021 

0.029463 

0.202544 

CONTOUR »22 

z 
220926 
120926 
020926 
079074 
179074 
279074 
379074 
479074 
579074 
679074 
779074 
879074 

r- 979074 
079074 
179074 
213221 
282924 
305242 
359730 
447544 
435573 
550914 
676548 
691938 
830123 
925887 

-•>-016064 
133571 
241574 
481178 
495717 
305453 
976111 
162090 
511263 
552405 
979020 
093005 
442688 

043196 
044395 
047894 
053539 
061171 
070624 
081726 
094301 
108168 
123142 
139033 
155650 
172798 
190281 
207903 
213923 
226210 
230137 
239717 
255106 
261734 
273062 
294578 
297193 
320273 
335915 
350679 
377222 
365266 
420442 - 
422513 
465028 
487185 
510370 
551348 
555966 
601471 
612917 
646323 

M 

4.9337 
5.1237 
5.1670 
5.2692 
5.4256 
5.4893 
5.5947 
5.7822 
5.8036 
5.9359 
6.1016 
6.2076 
6.3669 
6.4398 
6.6596 
6.6724 
6.9187 
7.0449 
7.1710 
7.3910 
7.4152 
7.6438 
7.7070 
7.8744 

4,719333 
4.944496 
5.389155 
5.485912 
6.068509 
6.100076 
6.693623 
6.849131 
7.361236 
7.637154 
8.071602 
8.462646 
8.824210 
9.324054 
9,617141 

10.219521 
10.446045 
11.146855 
11.320363 
12.103591 
12.223701 
13.086738 
13.135026 
14,029377 
14.092007 
14,881946 
15.115026 
15.674451 
16.151125 
16.400727 
17,069272 
17,194069 
17,700641 
18.238690 
18.318625 

Û.671009 
0.69UU39 
0.725U27 
0.732201 
0.772407 
0.774441 
0.810247 
0.818874 
0*845278 
0.858279 
0.677146 
0.892545 
0.90 5 535 
0.921658 
0.930 1 74 
0.945690 
0.950862 
0.964809 
0.967799 
0.979291 
0.9Ö0772 
0.989542 
0.989937 
0.995792 
0.996100 
0.999091 
0.999679 
1.000679 
1*001155 
1*001302 
1*001464 
1*001495 
U001515 
1*001517 
1.001517 

M 
7,9974 
8.0921 
8.2656 
8.3016 
8.5022 
6,5123 
6,6936 
8,7374 
8.8758 
8.9443 
9.0480 
9.1334 
9,2095 
9.3051 
9.3592 
9,4594 
9,4956 

5961 
6201 
7146 

9 
9 
9 
9.7286 
9.6141 
9.6188 
9,8891 
9.8929 
9,9397 
9,9494 
9.9723 
>,9841 

9.9902 
9,9979 
9,9983 
9.9998 
9.9999 

10.0000 

A-xxxvi 



M, 
11.00 

* 
6.00 

(AZA*)?“ 
29.015668 

0| 
1-0.000537 

r 
1.4000 

0.053898 

23.584330 0.150 

Of 
-0.000025 

Ml 
0.616330 

Ma 
6.534604 

Za 
2.871488 

a 
0.002380 

-0.059806 0.011437 

0.301805 

CONTOUR #23 

Z 
0.957935 0.034464 
0.857935 0.034731 
0.757935 0.035525 

-0.657935 0.036831 
-0.557935 0.038636 
•0.457935 0.040927 
•0.357935 0.043692 
•0,257935 0.046915 
•0.157935 0.050585 
•0.057935 0.054686 
0.042065 0.05-9206 
0.142065 0.064131 
0.242065 0.069448 
0.342065 0.075141 
01442065 0.081198 
0.542065 0.087604 
0.642065 0.094346 
0.742065 0.101409 
0.642065 0.108779 
0.942065 0.116443 
1.042065 0.124386 
1.142065 0.132594 
1.242065 0.141052 
1.342065 0.149746 
1.442065 0.158663 
1.542065 0.167787 
1.642065 0.177104 
1.742065 0.186601 
1.842065 0.196261 
1.942065 0.206071 
2.042065 0.216017 
2.142065 0.226084 
2.242065 0.236257 
2.342065 0.246522 
2.442065 0.256864 
2.542065 0.267269 
2.642065 0.277721 
2.742065 0.288208 
2.842065 0.298713 

M Z 
2.942065 
3,017089 
3.153752 
3,173519 
3.343740 
3,465341 
3,534565 
3,752313 
3,808369 
4.004308 
4,183681 
4,298076 
4.591923 
4.637115 
5.019332 
5.033307 
5.435926 
5.508334 
6.017230 
6.103547 
6.561114 
6.827984 
7.140156 
7.590261 
7.755077 
8.392447 
8.406660 
9,096341 
9.230140 
9.823900 

10.103878 
10.589684 
11,012516 
11.393867 
11.954846 
12.236170 
12.929472 
13.115607 
13,934840 

r M 
0.309224 
0.317109 6.6824 
0.331462 6 '176 
0.333536 6..367 
0.351380 6.9961 
0.364081 7.1048 
0.371287 7,1651 
0.393802 7,3440 
0.399549 7,3872 
0.419449 7,5336 
0.437372 7.6578 
0.448639 7,7343 
0.476941 7,9159 
0.481208 7.9428 
0.516345 8,1531 
0.517596 8.1603 
0.552654 8.3586 
0.558752 8.3918 
0.599865 8.6135 
0.606926 8.6514 
0.640555 8.8257 
0.659342 8.9229 
0.680377 9.0298 
0.708988 9.1753 
0.718972 9.2257 
0.755244 9.4095 
0.756011 9,4134 
0.791218 9,5922 
0.797596 9.6248 
0.824253 9,7630 
0.835913 9.8239 
0.854848 9,9255 
0.870042 10.0079 
0.882770 10.0794 
0.899903 10.1770 
0.907811 10.2243 
0.925482 10.3316 
0.929799 10.3595 
0.946835 10.4716 

A-xxxvii 



Z 

14.029952 
14.969228 
14,974911 
15,957437 
16.029573 
16.961217 
17.114422 
17.966965 
18.220730 
18,953770 
19,344724 
19,902870 
20.482050 
20.802175 
21.627836 
21.649316 
22.452903 
22.777101 
23.229663 
23.927288 
23,997652 

r M 
0*946610 10.4843 
0*964093 10*5969 
0*964175 10*5976 
0*976669 10*6996 
0*977449 10.7061 
0*986062 10.7877 
0.987226 10.7990 
0*992590 10.8599 
0.993840 10.8745 
0,996708 10.9155 
0*997826 10.9319 
0.999016 10.9548 
0.999828 10.9710 
1.000128 10.9797 
1.000559 10.9928 
1.000565 10.9931 
1.000691 10.9986 
1.000704 10.9992 
1.000711 10.9999 
1.000712 10.9999 
1.000712 11.0000 

A-xxxviii 



M, 
11.00 

(A/A*): |/pa ML 
29,015668 0.268200 1,153 

, * 
10.00 

r 
1.4000 

Z. 
19.195004 

W 
0.150 

I/A 

Oj 
-0.001573 

% 
-0.000062 

Ma 
5.117252 

Za 
1.019983 

CONTOUR #24 

0.037266 

368 -0.226046 0,028394 

& 
0.179850 

z r 
-0.229625 0.034464 
-0.129625 0.035776 
-0.029625 0.039593 

0.070375 0.045728 
0.170375 0.053989 
0.270375 0.064175 
0.370375 0.076076 
0.470375 0.069477 
0.570375 0.104159 
0.670375 0*119894 
0.770375 0.136453 
0.870375 0.153603 
0.970375 0.171108 
1*070375 0.188737 
1.078929 0..190246 
1.142567 0.201464 
1.172176 0.206675 
1.212825 0.213821 
1.292971 0.227875 
1.349354 0.237700 
1.387950 0.244391 
1.503482 0.264222 
1.554071 0.272765 
1.646798 0-r2-88277 
1.788025 0.311326 
1.824661 0.317191 
2.039371 0.350621 
2.052730 0.352647 
2.286812 0.367143 
2.349862 0.396112 
2.680650 0.441065 
2.779629 0.453863 
3.047338 0.487084 
3.334035 0.520520 
3.450847 0.533546 
3.893585 0.580049 
3.943886 0.585055 
4.378030’ 0.626161 
4.603368 0.646066 

4.904729 
5.312934 
5.475514 
6.070763 
6.092097 
6.756635 
6.872358 
7.469221 
7.718505 
8.230181 
8.608122 
9.039115 
9.539407 
9.894166 

5.2586 10.510347 
5.4070 10.790745 
5.4736 11.51Ô455 
5.5619 11.740789 
5.7274 12.561072 
5.8368 12.726816 
5.9088 13.634843 
6.1088 13.726028 
6.1896 14,710370 
6.3307 14.735480 
6.5269 15,650814 
6.5752 15.857174 
6.8340 16,524404 
6.8489 16,995312 
7.0944 17,321202 
7.1548 18,040207 
7.4501 18,142736 
7.5324 16.727459 
7.7353 19,292724 
7.9365 19,386925 
8.0125 
8.2796 
8.3079 
8.5363 
8.6461 

r M 
0.671283 8,7847 
0.703050 8.9584 
0.714976 9.0242 
0.755447 9,2466 
0.756807 9.2542 
0.796372 9.4737 
0.802720 9,5090 
0.333178 9,6830 
0.844803 9,7497 
0.866824 9,8812 
0.381580 9.9699 
0.896957 10.0675 
0.913000 10.1701 
0.923271 10.2405 
0.939112 10.3504 
0.945523 10.3968 
0.960062 10.5105 
0.963924 10.5436 
0.976103 10.6500 
0.978189 10.6709 
0.987638 10.7680 
0.988410 10.7775 
0.995051 10.8616 
U.99518U lu.8633 
0.998868 1C.9230 
0.999433 10.9327 
1.000751 lu.9634 
1.001287 10.9771 
1.001515 10.9864 
1.001751 10.9967 
1.U01762 lu,9971 
1.001796 10.9997 
1.001800 10.9999 
1•001800 II.aaaa 

A-xxxlx 



M, 
12.00 

* 
6.00 

(A/A*)f 
35.724148 

0| 
U0.000491 

1.4000 

0.057551 

Ok 
-0.000023 

24.738711 
T 

0.150 

M. 
0.676026 

Ma 
6.923116 

Za 
2.648450 

a 
0.002714 

-0.066703 0.011212 

b 
0.278363 

Z 
-0.937888 
•0.837888 
•0.737888 
•0.637888 
-0.537888 
-0.437888 
-0.337888 
-0.237888 
-0.137888 
-0.037888 

0.C62112 
0.162112 
0.262112 
0.362112 
0.462112 
0.562112 
0.662112 
0.762112 
0.862112 
0.962112 
1.062112 
1.162112 
1.262112 
1.362112 
1.462112 
1.562112 
1*662112 
1.762112 
1.862112 
1.962112 
2.062112 
2.162112 
2.262112 
2.362112 
2.462112 
2.562112 
2.662112 
2.762112 
2.787?25 

C 

r 
0.027992 
0.028278 
0.029123 
0.030515 
0.032437 
0.034874 
0.037811 
0.041232 
0.045123 
0.049467 
0.054250 
0.059454 
0.065066 
0.071068 
0.077445 
0.084131 
0.091260 
0.098666 
0.106382 
0.114394 
0.122683 
0.131235 
0.140033 
0.149060 
0.158301 
0.167738 
0.177355 
0.187136 
0.197064 
0.207123 
0.217296 
0.227566 
0.237917 
0.248333 
0.258796 
0.269290 
0.279799 
0.290311 
0.293023 

O N T 0 U 

M 

7.0832 

R #25 

Z 
2.932169 
2.938248 
3.102113 
3.247696 
3.237224 
3.499557 
3.597406 
3.748276 
3.932436 
4.041326 
4.382533 
4.403546 
4,769562 
4.861058 
5,194152 
5,355739 
5.837564 
5.900332 
6.458857 
6.658375 
7.069480 
7,465315 
7.720353 
3.317931 
8.412443 
9.147091 
9.212739 
9.925086 

10.147530 
10.746393 
11.122503 
11.611296 
12,136191 
12.519555 
13.187101 
13.470083 
14.273545 
14.460438 
15.393529 

r 
0.308172 
0.308810 
0.325988 
0.341188 
0.345301 
0.367259 
0.377276 
0.392574 
0.415914 
0.421692 
0.454460 
0.456435 
0.490010 
0.493156 
0.526974 
0.540483 
0.582830 
0.583808 
0.624876 
0.638756 
0.666116 
0.690935 
0.706167. 
0.739656 
0.744678 
0.781338 
0.784412 
0.815825 
0.824916 
0.347817 
0.861067 
0.87/70 58 
0.892762 
0.903318 
0.919977 
0.926404 
0.942758 
0.946172 
0.961227 

M 
7,2445 
7,2512 
7.4243 
7.5707 
7.6094 
7.8056 
7.8900 
8.0159 
8.1967 
8,2406 
8.4748 
6.4882 
6,7115 
8.7635 
8.9442 
9.0257 
9.2790 
9.2847 
9.5194 
9.5985 
9.7513 
9.8898 
9.9742 

10.1600 
10.1880 
10.3923 
10.4094 
10.5870 
10.6388 
10.7726 
10.8507 
10.9484 
11.0455 
11,1139 
11.2236 
11.2685 
11.3849 
11.4112 
11,5294 

A-xl 



Z 
15.485640 
16.544588 
16.554069 
17,647318 
17.723127 
18.742944 
18.926516 
19.816394 
20.150719 
20.845501 
21.390754 
21.816003 
22.640985 
22.725331 
23.583990 
23.895545 
24.412173 
25.151127 
25.231026 

r M 
0.962537 11.5407 
0*975589 11.6566 
0*975689 11.6576 
0*985577 11.7584 
0*986141 11.7643 
0.992433 11.8411 
0*993318 11.8522 
0*996736 11*9046 
0*997671 11.9194 
0.999125 11.9494 
0.999871 11,9654 
1.000261 11.9776 
1.000677 11.9912 
1.000699 11.9926 
1.000821 11,9986 
1.000833 11.9991 
1.000840 11.9999 
1.000841 11.9999 
1.000841 12.0000 

A-xli 



CONTOUR f 2 6 

Z r 
-0.228110 0.027992 
-0.128110 0.029431 
-0.028110 0.033601 

0.071890 0.040278 
0.171890 0*049226 
0.271890 0*060198 
0.371890 0.072940 
0.471890 0*087187 
0.571890 0.102669 
0.671890 0*119110 
0.771890 0.136229 
0.871890 0*153740 
0.962850 0*169778 
1.020765 0*179989 
1.056033 0*186196 
1*084797 0.191253 
1*157544 0*204016 
1.228793 0.216433 
1.244131 0.219093 
1.349227 0.237171 
1*430160 0*250872 
1.481228 0.259409 
1.646754 0.286470 
1.662227 0.288948 
1.849247 0.318224 
1.926696 0*329974 
2.087946 0*353755 
2.225621 0.373345 
2.559878 0*418340 
2.588284 0.422005 
2.933406 0.464722 
3.157202 0*490717 
3.346620 0.511751 
3.790369 0.557844 
3.801720 0.558966 
4.302775 0.606059 
4*478975 0.621509 
4.850063 0.652340 
5.224173 0.681222 

M 

5.5045 
5.6602 
5.7516 
5.3235 
5.9968 
6.1560 
6.1869 
6.3989 
6.5474 
6.6366 
6.9005 
6.9232 
7.1817 
7.2799 
7.4719 
7.6209 
7.9546 
7.9811 
8.2725 
8.4469 
8.5831 
8.8773 
8.8843 
9.1731 
9.2669 
9.4529 
9.6260 

Z 
5*445670 
6.024309 
6*091678 
6*790495 
6.875381 
7.54302¿ 
7.776124 
8.349462 
8.726506 
9*209676 
9.724560 

10.121886 
10.768091 
11.081387 
11.854338 
12.102935 
12*980366 
13*166428 
14.142579 
14.253867 
15.328600 
15.336521 
16.359683 
16.555361 
17.318928 
17.794417 
18.191585 
18.981490 
19.045734 
19.710662 
20.300899 
20.410827 

r 
0.697347 
0.736367 
0.740 6 2 7 
0.781753 
0.786374 
0.820223 
0.831027 
0*855580 
0.870 2 3 9 
0.887436 
0.903928 
0.915445 
0.932111 
0.939319 
0.954910 
0.959288 
0.972561 
0.974980 
0.985435 
0.986414 
0.993998 
0.994041 
0.998468 
0.999056 
1.000743 
1.001370 
1.001704 
1.002020 
1.002031 
1.002089 
1.002096 
1.002096 

M 
9.7233 
9.9575 
9.9835 

10.2325 
10.2604 
10.4700 
10.5371 
10.6955 
10.7905 
10.9078 
11.0212 
11.1056 
11.2292 
11.2871 
11.4144 
11.4541 
11.5764 
11.6019 
11.7145 
11*7270 
11*8269 
11*827) 
11.9011 
11.9115 
11.9511 
11.9674 
11.9806 
11.9947 
11.9952 
11.9994 
11.9999 
12.0000 

A-xlii 



M, 
9.00 

(A/A*) i 
111.278850 

Ol 
ko.003287 

Bk 
10.00 

I/I 

r 
1.2000 

1//9 
0.191173 

2. 
16.149242 

W 
0.100 

-0.000428 

Mi 
0.456178 

Ma 
6.207626 

ZA 
1.207709 

Q 
0.018934 

-0.088960 0,036660 

b 
0.212952 

CONTOUR »27 

z r 
-0.545389 
-0.445389 
-0.345389 
-0.245389 
-0.145389 
-0.045389 

0.054611 
0.154611 
0.254611 
0.354611 
0.454611 
0.554611 
0.654611 
0.754611 
0.854611 
0.954611 
1.054611 
1.154611 
1,254611 
1.315446 
1.385769 
1.445243 
1.591028 
1.617903 
1.824801 
1.853123 
2.088559 
2.150171 
2.384055 
2.596972 
2.713015 
3.077263 
3,095134 
3.479815 
3.633013 
3,922266 
4,209639 
4.407002 
4.822350 

.008986 

.009928 

.012691 

.017184 

.023313 

.030977 

.040076 

.050506 

.062161 

.074932 

.088708 

.103376 
•118821 
.134927 
.151576 
•166650 
•186028 
.203592 
.221222 
.231942 
.244303 
.254725 
.280038 
.284659 
.319586 
.324274 
.362267 
.371921 
.407460 
.438325 
.454573 
.503026 
.505307 
.552376 
.570068 
,601946 
.631727 
.651144 
.689434 

M 

6.3432 
6.4255 
6.4917 
6.6365 
6.6617 
6.8318 
6.8535 
7.0133 
7.0521 
7.1836 
7.2933 
7.3474 
7.5031 
7.5102 
7.6499 
7.7009 
7.7907 
7.8724 
7.9252 
8.0270 

z r 
4.936604 
5.469220 
5.513723 
6.141050 
6.148544 
6.821193 
6.855572 
7.556171 
7.599631 
Õ.347826 
8.370689 
9.169904 
9.197032 
9,995443 

10.102631 
10.846676 
11.059649 
11.721695 
12.054232 
12.613722 
13.068566 
13.534018 
14.037792 
14.462902 
14,909994 
15.399534 
15.634076 
16,338665 
16.410707 

C.699376 
0.742635 
0.746024 
0.790457 
0.790950 
0.832029 
0.834126 
0.670079 
0.372119 
0.903993 
0.904870 
0.932377 
0.933203 
0.954739 
0.957226 
0.972179 
0.975735 
0.984996 
0.958668 
0.99361C 
0.996435 
0.998618 
1.000121 
1.000871 
1.001294 
1.001478 
1.001514 
1.001527 
1.001527 

M 
8.0535 
8.1667 
8.1757 
3.2917 
8.2930 
6.4015 
8.4C70 
3,5048 
■3.5103 
6,6 C12 
5.6037 
8,6874 
£.6901 
8.7613 
8,7706 
£»5262 
ó,8416 
C Q O 1 Q 

8.9014 
6. 9279 
8.9434 
8,9635 
8.9794 
8.9871 
8,9949 
6.9979 
8,9996 
8,9999 
9.0000 

A-xliii 



M. êk r » 
9.00 10.00 1.6667 17,617354 0.200 

(A/A*)^ |//>t Mg 
6.999450 0.372769 1.457829 

M, 
-0.227406 

a 
0.071989 

0,030545 

0| 
0.002252 

Ok Ma 
0.000021 3.011685 

Za lk 
1.403479 0.247471 

CONTOUR #28 

z r 
0.504409 0.142868 
0.604409 0.144676 
0.704409 0.149864 
0.804409 0.158066 
0.904409 0.168893 
1.004409 0.181938 
1.104409 0.196777 
1.204409 0.212973 
1.304409 0.230C77 
1.404409 0.247635 
1.464399 0.258214 
1.528720 0.269552 
1.560494 0.275146 
1.597595 0.281673 
1.671994 0.294754 
1,742436 0.307092 
1.753548 0.309033 
1,844082 0.324790 
1.946829 0.342492 
1.952550 0.343471 
2.065073 0.362553 
2.193478 0.383884 
2.204023 0.385612 
2.368096 0.412030 
2.467266 0.427534 
2.562700 0.442118 
2.775143 0.473406 
2,790832 0.475651 
3.051147 0.511645 
3.118776 0.520607 
3.338807 0.548726 
3.499691 0.568305 
3.917534 0.615592 
3.986898 0.622969 
4.375988 0.662115 
4.711192 0.692960 
4.873804 o.7o7033 
5.413389 0.749978 
5.506765 0.756849 

M Z 
5.995973 
6.363178 
6.619890 
7.284675 
7.294557 
8.007928 
8.278766 
3.783830 
9.320455 
9.606674 

3.1384 10.414945 
3.2696 10.466648 
3.3330 11.350093 
3.4053 11.554326 
3.5463 12.233501 
3.6750 12,733896 
3.6949 13.112304 
3.8506 13,946594 
4.0183 13.952973 
4.0272 14,746553 
4.1971 15,181154 
4.3780 15.485951 
4.3925 16.173885 
4.6023 16.429140 
4.7197 16.821859 
4.8288 17.447318 
5.0528 17.681051 
5.0687 18.066712 
5.3140 
5.3735 
5.5585 
5.6831 
5.9871 
6.0348 
6.2800 
6.4772 
6.5661 
6.8420 
6.8867 

r M 
0.790458 7.1064 
0.813479 7,2612 
0.827897 7.3602 
0.861949 7,6012 
0.862413 7,6045 
0.693029 7.8320 
0.903226 7.-9104 
0.920371 8.0499 
0.936117 8.1829 
0.943551 6.2509 
0.961351 8.4205 
0.962335 8.4310 
0.976733 8,5866 
0.979436 8.6172 
0.987034 6.7159 
0.991251 3.7746 
0.993835 3,8180 
0.997894 8.8930 
0.997917 8.8935 
1.000091 8,9450 
1.000768 8.9636 
1.001081 8.9764 
1.001448 8.9925 
1.001503 8,9950 
1.001545 8,9967 
1.001559 8,9999 
1.001559 8,9999 
1.001559 9.0000 

A-xliv 

i 



M, 
10.00 

* 
10.00 

jn Ia/a*)T 
177.827930 

0| 
■0.002759 

r 
1.2000 

'h 
0.218416 

ï. 
17.255404 

V 
0.100 

<k 
-0.000365 

0.504061 

Ma 
6.738980 

-0.099922 

ZA 
1.044357 

a 
0.024715 

0.034602 

b 
0.184148 

Z 
-0.490078 
-0.390078 
-0.290078 
-0.190078 
-0.090078 

0.009922 
0.109922 
0.209922 
0.309922 
0.409922 
0.509922 
0.609922 
0.709922 
0.809922 
0.909922 
1.009922 
1.109922 
1.143833 
1.217284 
1.265575 
1.419447 
1,431991 
1.652353 
1.665389 
1,917962 
1,965549 
2.218595 
2.431586 
2.556467 
2.933887 
2.956914 
3.354582 
3.528437 
3.820592 
4,145264 
4.334959 
4.804417 
4.900955 
5.503677 

CONTOUR #29 

r M 
0.005623 
0.006696 
0.009836 
0.014922 
0.021827 
0.030422 
0.040572 
0.052139 
0.064982 
0.078954 
0.093908 
0.109694 
0.126160 
0.143149 
0.160507 
0.178077 
0.195709 
0.201683 6.8900 
0.214591 6.9933 
0.223050 7.0575 
0.249732 7.2390 
0.251885 7.2529 
0.288970 7.4656 
0.291120 7.4773 
0.331665 7.6763 
0.339074 7.7109 
0.377238 7.3742 
0.407812 7.9991 
0.425110 3.0651 
0.474691 8.2467 
0.477589 8.2569 
0.525538 8.4181 
0.545286 8.4823 
0.576928 8.5826 
0.609941 8.6842 
0.628238 3.7400 
0.670611 8.8657 
0.678828 8.8902 
0.726666 9.0293 

Z 
5,521948 
6.201548 
6.239976 
6,942677 
7.013362 
7.743213 
7.823285 
8.620609 
3.663586 
9.547560 
9.561136 

10.456366 
10.563825 
11.396530 
11,637610 
12,364755 
12.751139 
13,35c624 
13.889358 
14.374529 
14.973573 
15.406717 
15.940046 
16.448398 
16.787935 
17.493051 
17.530351 

r M 
0.728024 9.0333 
0.775136 9.1692 
0.777603 9.1762 
0.819411 9,2980 
0.823273 9,3090 
0.360116 9,4193 
0.863544 9.4294 
0,896544 9,5325 
0.398333 9.5331 
0.927632 9.6355 
0.928033 5.6370 
0.951490 9.7213 
0.954009 9.7315 
0.970157 9,7966 
0.974C60 9,8149 
0.933930 9.6612 
0.938073 9.8350 
0.993236 9,°145 
0.996532 9.9402 
0.990689 9,9567 
1.000427 9.9764 
1.001164 9,9846 
1.001655 9.9944 
1.001334 9.9975 
1.001875 9.9996 
1.001887 9.9999 
1.001687 10.0000 

A-xlv 



M, 
10.00 10.00 

y* (A/A*); 
8.142166 

Ol 
1-0.002221 

r 
1.6667 

0.394413 

Ot 
0.000038 

ï. 
18.824077 

W 
0.200 

Ml 
1.640748 

Ma 
3.135991 

-0.267894 

Za 
1.257208 

a 
0.080592 

* 0. 
0,029958 

tk 
0.221680 

Z 

0.407478 
0.507478 
0.607478 
0.707478 
0.807478 
0.907478 
1.007478 
1.107478 
1.207478 
1.307478 
1.313039 
1.371911 
1.408395 
1.434859 
1.502635 
1.576666 
1.584732 
1.658431 
1.750655 
1.789766 
1.856517 
1.980415 
2.026502 
2.127361 
2.297092 
2.303229 
2.511624 
2.603608 
2.755134 
2.947276 
3.030683 
3.330841 
3.691118 
3.753033 
4.219178 
4.442059 
4.728497 
5.277318 
5.281875 

CONTOUR »30 

•122817 
•124726 
.130190 
.138796 
.150105 
•163658 
.178976 
•195566 
•212921 
.230544 
.231525 
.241904 
•248328 
.252984 
.264905 
.277884 
.279293 
.292138 
.308088 
.314792 
.326147 
.346900 
.354491 
.370857 
.397593 
.398540 
•429880 
.443203 
.464488 
.490333 
.501160 
.538302 
.579368 
•586063 
.633432 
.654283 
.679539 
.723510 
.723852 

M 

3.2671 
3.4029 
3.4852 
3.5435 
3.6891 
3.8428 
3.8590 
4.0035 
4.1758 
4.2453 
4.3608 
4.5621 
4.6323 
4.7811 
5.0129 
5.0210 
5.2764 
5.3807 
5.5456 
5.7394 
5.8200 
6.0850 
6.3822 
6.4288 
6.7593 
6.9072 
7.0829 
7.3961 
7.3985 

Z 
5.883920 
6.188790 
6.531493 
7.177093 
7,224588 
7.933938 
3.234652 
8.804814 
9.360066 
9.682339 

10.549067 
10.607746 
11.567812 
11.792694 
12.543095 
13.086055 
13,511731 
14.421551 
14.451655 
15.343603 
15.786535 
16.174860 
16.943311 
17.171320 
17.657515 
18.335216 
18,563396 
18.9975-32 

r M 
0.766111 7.7004 
0.785395 7,8419 
0.805538 7,9920 
0.839473 8.2527 
0.841771 8.2709 
0.875332 8.5402 
0.835140 8.6212 
0.905360 8.7963 
0.922469 8.5508 
0.931322 9.0364 
0.951656 9.2409 
0.952857 9,2542 
0.969833 9.4457 
0.973106 9,4843 
0.982382 9.6082 
0.987635 9.6831 
0.990998 9.7393 
0.996230 9.8374 
0.99641A 9,8405 
0.999465 9,9120 
1.000396 9,9370 
1.000963 9,9583 
1.001580 9,9844 
1.001668 9.9862 
1.001774 9.9962 
1.001814 9.9996 
1.001815 9.9997 
1.001816 10.0000 

A-xlvl 



õ
 ò

 õ
 

M, 
11*00 

* 
10*00 

J/t IA/A*); 
274*138380 

0| 
1-0.002336 

1*2000 

¡fa 
0*249625 

ï. 
18*360439 

tr 
0*100 

Oi 
-0*000313 

Ml 
0.555017 

Ma 
7*239797 

M. 

Za 
0*906569 

a 
0*032283 

-0*112125 0*032803 

tk 
0*159852 

CONTOUR #31 

Z 
•436023 
*336023 
•236023 

-0*136023 
-0.036023 
0*063977 
0.163977 
0.263977 
0.363977 
0.463977 
0.563977 
0.663977 
0.763977 
0.863977 
0.963977 
0.997787 
1.073178 
1.110992 
1.269615 
1.270672 
1.498358 
1,500768 
1,765967 
1.798484 
2.069177 
2.279735 
2.413155 
2.800712 
2.828569 
3.236345 
3.430276 
3.722575 
4.084131 
4.263156 
4.786787 
4.862128 
5.523737 
5.535221 
6.252361 

r 
0.003648 
0*004871 
0*008437 
0.014185 
0.021951 
0.031559 
0.042833 
0.055587 
0.069633 
0.084777 
0.100821 
0.117566 
0.134809 
0.152345 
0.169975 
0.175932 
0.189178 
0.195800 
0.223276 
0.223457 
0.261674 
0.262070 
0.304436 
0.309470 
0.350026 
0.379983 
0.398285 
0.448618 
0.452080 
0.500592 
0.522288 
0.553447 
0.589576 
0*606533 
0.652890 
0.659174 
0.710653 
0.711488 
0.760205 

M 

7.4059 
7.5326 
7.5924 
7.8136 
7.8149 
8.0720 
8.0744 
8.3160 
8.3432 
8.5428 
8.6828 
8.7625 
8.9717 
8.9854 
9.1691 
9.2482 
9.3589 
9.4829 
9.5406 
9.6933 
9.7141 
9.8795 
9.8821 

10.0367 

Z 
6.326004 
7*051496 
7*160342 
7.924946 
8.036914 
8.875844 
3.954439 
9.905953 
9.911449 

10.902994 
11.014526 
11.929704 
12.194654 
12,989596 
13.427425 
14,079498 
14.690754 
15,195236 
15.891987 
16,330186 
16.954264 
17.476571 
17.875565 
18,626667 
13,731603 

r M 
0.764827 10.0510 
0.806990 10.1858 
0.812797 10.2040 
0.850201 10.3263 
0.855188 10.3424 
0.889038 10.4577 
0.891895 10.4673 
0.922744 10.5789 
0.922902 10.5794 
0.948206 10.6779 
0.950651 10.6886 
0.968072 10.7641 
0.972256 10.7853 
0.982800 10.8384 
0.987388 10.8667 
0.992820 10.9002 
0.996540 10.9307 
0.998746 10.9487 
1.000741 10.9728 
1.001476 10.9815 
1.002049 10.9936 
1.002229 10.9970 
1.002278 10.9996 
1.002289 10.9999 
1.002289 11.0000 

A-xlvii 



(a/a*)!? 
9*345986 

0| 
-0*002279 

I/* 
0.423403 1* 

20,029569 

Hi 
838404 

Q 

0*092875 

0.029673 
Qk 

0,000059 3 

0.337552 
0.437552 
0.537552 
0.637552 
0.737552 
0,837552 
0.937552 
1.037552 
1.137552 
1.180017 
1.233641 
1.272274 
1.290899 
1.352334 
1.419138 
1.440143 
1.492529 
1.574592 
1.636468 
1.668212 
1.776791 
1.664530 
1.905509 
2.059435 
2.126907 
2.244375 
2.425553 
2.464673 
2.720106 
2,762546 
3.005574 
3.140441 
3.559790 
3.715883 
4.023826 
/. C O ^ o *■» T je i ijy 
4.532320 
5.091856 
5.430755 

0.106998 
0.109042 
0.114870 
0.124004 
0.135932 
0,150119 
0,166008 
0.183024 
0.200580 
0.208070 
0.217525 
0.224327 
0,227605 
0.238413 
0.250138 
0.253812 
0.262952 
0.277192 
0.287828 
0.293248 
0.311589 
0.326135 
0.332840 
0.357507 
0.368040 
0.385974 
0.412635 
0.418230 
0.453451 
0.459080 
0.490191 
0.506649 
0.554480 
0.571082 
0.602117 
0.648398 
0.648794 
0.694381 
0.719384 

3.3631 
3.5023 
3.6004 
3.6466 
3.7954 
3.9522 
4.0000 
4.1163 
4.2909 
4.4163 
4.4790 
4.6819 
4.8355 
4.9051 
5.1489 
5.2482 
5.4149 
5.6523 
5.7016 
5.9996 
6.0459 
6.2989 
6.4277 
6.8040 
6.9357 
7.1725 
7.5328 
7.5359 
7.8851 
8.0814 

Z 
5.699275 
6.357039 
6.424351 
7.067141 
7,500829 
7.847480 
3.660521 
8.697491 
9.615903 
9.893883 

10.593182 
11.198806 
11.617022 
12.569049 
12,669849 
13,729633 
13,993542 
14,770702 
15.464421 
15.768561 
16,704473 
16.969994 
17,568799 
13,363819 
18.495924 
19.104133 
19,812707 
20,028905 
20.512177 

0.737929 
0.779112 
0.783002 
0.817522 
0.838258 
0.853484 
0.884990 
0.886288 
0.915330 
0.922946 
0.939994 
0.952494 
0.960010 
0.974124 
0.975383 
0.986436 
0.988584 
0.993742 
0.997029 
0.998128 
1.000468 
1.000885 
1.001537 
1.001935 
1.001965 
1.002042 
1.002058 
1.002058 
1.002058 

8.2270 
8.5578 
8,5894 
8.8736 
9,0498 
9.1836 
9.4697 
9.4821 
9.7628 
9.8390 

10.0222 
10.1623 
10.2552 
10.4387 
10.4574 
10.6255 
10.6601 
10.7586 
10.8231 
10.8577 
10.9257 
10.9388 
10.9676 
10.9895 
10.9911 
10.9981 
10.9999 
10.9999 
11.0000 

A-xlviii 



4 y s, » * a 
12*00 10*00 1*2000 19*464629 0*100 0*042063 

(am*)* IM Ml iL a, 
409*307100 0*285007 0*608941 -0*123610 0*031209 

* <k Uk lA 1k 
-0*001997 -0*000267 7*712475 0*789752 0,139235 

CONTOUR *33 

Z 
-0*386164 
-0*286164 
-0*186164 
-0*086164 

0*013836 
0*113836 
0*213836 
0*313836 
0*413836 
0*513836 
0*613836 
0*713836 
0*813836 
0*872991 
0*949309 
0*977559 
1*126943 
1*140888 
1*348785 
1*366804 
1*629927 
1*646700 
1.933653 
2*139659 
2*281417 
2*676542 
2*708686 
3*124334 
3*337517 
3.627827 
4*025545 
4*191544 
4*769032 
4*820351 
5*519604 
5*563290 
6*294060 
6.406749 
7*148296 

r 
0*002442 
0*003834 
0*007876 
0*014356 
0*023056 
0.033745 
0*046187 
0*060135 
0.075339 
0*091541 
0*108479 
0*125888 
0*143501 
0*153929 
0*167335 
0*172280 
0*198154 
0.200540 
0*235362 
0*238313 
0*280105 
0*282689 
0.325427 
0.354500 
0.373774 
0.424549 
0*428497 
0.477340 
0*500858 
0.531353 
0.570462 
0*585924 
0*636142 
0.640344 
0*693869 
0.696985 
0.7456'3V 
0.752562 
0.794750 

M 

7.8933 
8.0455 
8.0984 
8*3442 
8.3643 
8.6377 
8*6585 
8*9340 
8.9501 
9.1909 
9.3456 
9*4408 
9*6789 
9*6965 
9*9038 
9.9995 

10*1202 
10*2693 
10*3276 
10*5104 
10*5258 
10.7147 
10.7253 
10*8945 
10*9179i 
11.0651 

Z 
7*299788 
8*086984 
8*240962 
9*114054 

. 9*226815 
10*231874 
10*261737 
11*334604 
11*439904 
'12*446877 
12*730635 
13*597261 
14*082558 
14*782193 
15.472199 
15*996992 
16*792686 
17*234162 
17.952840 
18*484945 
18,947788 
19.740376 
19.865515 

r M 
0.802660 11.0921 
0.840327 11*2262 
0*847036 11*2495 
0*881475 11*3767 
0.885554 11*3915 
0.917338 11*5157 
0.918178 11*5190 
0.944894 11*6310 
0.947153 11.6417 
0.965934 11,7289 
0.970326 11.7527 
0*981614 11*8133 
0.986613 11*8461 
0*992360 11*8838 
0.996511 11*9198 
0.998789 11*9395 
1.001062 11*9684 
1.001805 11*9777 
1.002474 11.9925 
1*002660 11.9963 
1.002720 11*9995 
1.002732 11,9999 
1.002732 12.0000 

A-xlix 



(a/a*)“ 
10*607763 

Ol 
^002440 

% 
0*459914 

Qt 
0*000083 

“0.384102 0,029788 

Ma 
3*292069 

0 O N T Q U p ff 3 ^ 

0*286749 
0*386749 
0*486749 
0*586749 
0 *686749 
0# 7 86749 
0*886749 
0*986749 
1*061692 
1*110338 
1*148905 
1*162214 
1*217698 
1.277757 
1.305967 
1*343366 
1*416017 
1.490495 
1.498159 
1.592228 
1.702933 
1*705957 
1.834393 
1.955207 
1.993339 
2.184624 
2.240646 
2.412123 
2.564409 
2.675288 
2.928511 
2.967888 
3.337064 
3.722317 
3.788137 
4.289254 
4.587458 
4.838913 
5.440356 

0.094271 
0.096484 
0.102764 
0.112540 
0.125204 
0.140114 
0.156606 
0.173993 
0.187206 
0.195784 
0.202575 
0*204917 
0.214682 
0.225231 
0.230170 
0.236703 
0.249344 
0.262187 
0.263500 
0.279507 
0.298003 
0.298502 
0.319419 
0.338540 
0.344458 
0.373334 
0.381524 
0.405880 
0.426626 
0.441226 
0.473087 
0.477859 
0.520460 
0.561097 
0.567679 
0.614766 
0.640406 
0.660782 
0.705375 

M 

3.4286 
3.5700 
3.6797 
3.7167 
3.8676 
4.0261 
4.0984. 

4.1920 
4.3671 
4.5386 
4.5558 
4.7571 
4.9795 
4.9852 
5.2209 
5.4266 
5.4894 
5.7813 
5.8606 
6.0936 
6.2853 
6.4188 
6.7030 
6.7452 
7.1078 
7.4596 
7.5145 
7.9079 
8.1259 
8.2963 
8.6754 

Z 
5.557492 
6.096852 
6.625908 
6.805848 
7.592585 
7.789755 
8.456652 
9.043877 
9.395682 

10.385877 
10.405295 
11.477063 
11.803923 
12.593230 
13.295087 
13,732747 
14.8 50 5'‘4 
14.870002 
15.977897 
16.455112 
17,029941 
18.008067 
18.099514 
18.905351 
19.728155 
19.765845 
20.496207 
21.236658 
21.439478 
21.972047 

0.713420 
0.748112 
0.778640 
0.788292 
0.826663 
0.835349 
0.862308 
0.883163 
0.894473 
0.922101 
0.922583 
0.946190 
0.952256 
0.965010 
0.974279 
0.979168 
0.988965 
0.989103 
0.995501 
0.997429 
0.999205 
1*001099 
1.001214 
1.001917 
1.002196 
1.002202 
1.002261 
1.002268 
1.002268 
1.002268 

M 
8,7445 
9.0423 
9.3118 
9.3985 
9.7489 
9.8297 

10,0890 
10.2962 
10.4147 
10.7145 
10.7201 
10.9988 
11.0734 
11.2465 
11.3792 
11.4590 
11.6305 
11.6334 
11.7690 
11.8146 • 
11.8679 
11.9341 
11.9381 
11.9732 
11.9924 
11.9927 
11.9990 
11.9999 
11.9999 
12.0000 

A-l 



M, 
14.00 

* 
10.00 

JA 
(A/A*)i 

843.802940 

0| 
-0.021578 

r 
1.2000 

•'A 
0.316260 

ï. 
20.686152 

W 

0.050 

0| 
-0.002252 

Ml 
0.600814 

Ma 
8.890079 

Za 
0.705950 

0.051818 

-0.102714 0.122849 

0.124478 

CONTOUR #35 

Z 
-0.353763 0 
-0.253763 0 
-0.153763 0 
-0.053763 0 
0.046237 0 
0.146237 0 
0.246237 0 
0.346237 0 
0.446237 0 
0.546237 0 
0.646237 0 
0.746237 0 
0.815193 0 
0.905253 0 
1.044212 0 
1.154277 0 
1.406045 0 
1.457959 0 
1.822919 0 
1.852712 0 
2.257160 O 

i 2.364544 0 
2.768201 0 
2.935961 0 
3.364466 0 
3.562368 0 
4.054996 0 
4,241029 C 
4.849292 0 
4,970615 0 
5.750021 0 
5.757439 0 
6.570093 0 
6.790883 0 
7.438357 0 
7,958507 0 
8.355318 0 
9.269657 0 
9.320971 0 

r M 
001185 
002726 
007181 
014290 
023779 
035361 
048739 
063606 
079647 
096541 
113961 
131576 
143675 9.1671 
159266 9.3544 
182747 9.6110 
20083L 9.7813 
240422 10.1212 
248296 10.1821 
301040 10.5564 
305152 10.5835 
358456 10.9038 
371843 10.9849 
419653 11.2442 
438406 11.3394 
483677 11.5631 
503372 11,6546 
549453 11.8665 
565808 11.9374 
615768 12.1550 
625106 12.1934 
680802 12.4267 
681296 12.4288 
732031 12.6338 
7446*+6 12.6871 
779099 12.8243 
804167 12.9300 
821842 13.0005 
858265 13.1563 
860134 13.1639 

z 
10.318295 
10.732905 
11.361956 
12.348460 
12.452687 
13,569241 
14.107867 
14,727534 
15.923535 
15.975706 
17,137949 
17,854198 
16.335243 
19.591593 
19.650745 
20.923715 
20.927407 

r 
0.893327 
0.905387 
0.921938 
0.943993 
0.946052 
0.965394 
0.972966 
0.980421 
0.991433 
0.991314 
0.998628 
1.001265 
1.002624 
1.004182 
1.004208 
1.004430 
1.004430 

M 
13.3065 
13.3637 
13.4379 
13.5499 
13.5598 
13.6630 
13.7111 
13.7559 
13,3391 
13.3427 
13.9023 
13.937? 
13.9543 
13.9905 
13.9909 
13.9999 
14.0000 

A-li 



M, 
14.00 

* 
10.00 

JA 
(A/A*), 

51.820684 

0| 
-0.011697 

r 
1.4000 

0,274679 

21.178679 
W 

0.075 

0| 
-0.000908 

1.208108 

Ma 
6.402831 

M, 
-0.174717 

Za 
0.914520 

0.039088 

0.105416 

tk 
0.1612541 

-0 
-0 
-0 
-0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
4 
4 
5 
5 
6 
6 
7 
7 

Z 
305613 
205613 
105613 
005613 
094387 
194387 
294387 
394387 
494387 
594387 
694387 
794387 
894387 
982270 
072675 
146640 
217232 
432619 
441280 
775658 
823263 
180572 
277733 
652044 
794351 
194993 
368124 
814366 
996122 
515015 
676525 
301602 
408306 
178462 
190474 
018037 
150212 

r 
0.019297 
0.020640 
0.024544 
0.030813 
0.039244 
0.049626 
0.061738 
0.075355 
0.090244 
0.106167 
0.122882 
0.140144 
0.157705 
0.173200 
0.189071 
0.201886 
0.213943 
0.249526 
0.250915 
0.302272 
0.309228 
0.358941 
0.371720 
0.418386 
0.435104 
0.479535 
0.497589 
0.541338 
0.558061 
0.602755 
0.615781 
0.662758 
0.670246 
0.720341 
0.721068 
0.767728 
0.774561 

0 N T Q U 

M 

6.6087 
6.8625 
7.0455 
7.2086 
7,6387 
7.6547 
8.1901 
8.2593 
8.7175 
8.8305 
9.2228 
9.3582 
9.7072 
9.8442 

10.1715 
10.2926 
10.6161 
10.7077 
11.0412 
11.0930 
11.4464 
11.4514 
11.7800 
11.8302 

R » 3 6 

Z 
7,893492 
8,218777 
8.816618 
9.385393 
9.786569 

10.649030 
10.802029 
11.857271 
12.005330 
12.950636 
13.442890 
14,084528 
14.939228 
15.255546 
16,451569 
16,459017 
17.686275 
17.976089 
18,933949 
19.350261 
20.207843 
20.484004 
21.466849 

r 
0.810229 
0.824413 
0.848451 
0.869035 
0.882304 
0.907681 
0.911747 
0.936698 
0.939770 
0.957242 
0.964918 
0.973612 
0.983082 
0.986011 
0.994687 
0.994729 
1.000147 
1.000982 
1.002857 
1.003279 
1.003706 
1.003749 
1.003785 

M 
12.0850 
12,1920 
12,3686 
12.5300 
12.6317 
12.8419 
12.8750 
13.0948 
13,1246 
13.2911 
13.3748 
13,4684 
13,5887 
13.6257 
13.7611 
13,7617 
13.8677 
13.8919 
13.9462 
13.9687 
13.9902 
13.9969 
14.0000 

A-lil 



um*): 
13.294786 

0| 
-0.009662 

0.300436 

Qi 
-0.000318 

M, 
-0.183094 

Ma 
4.494650 

U 
1.162637 

CONTOUR «3 7 

0.100314 

Ik 
0.205004 

* r 
0.047109 0.075217 
0.147109 0.076683 
0.247109 0.080930 
0.347109 0.087723 
0.447109 0.096816 
0.547109 0.107953 
0.647109 0.120868 
0.747109 0.135287 
0.847109 0.150926 
0.947109 0.167498 
1.047109 0.184710 
1.147109 0.202266 
1.211287 0.213583 
1.264499 0.222966 
1.327802 0.234093 
1.401177 0.246870 
1.409511 0.248311 
1*520523 0.267284 
1.675026 0.292851 
1.690368 0.295329 
1.875374 0.324413 
2.031898 0.347844 
2.264922 0.380878 
2,426826 0.402624 
2.720663 0.439810 
2.878251 0.458629 
3,235937 0.498771 
3,388765 0.514902 
3,807484 0.556366 
3.960802 0.570601 
4.433410 0.611707 
4.596552 0.624971 
5,112444 0.664191 
5.297858 0.677323 
5.843652 0.713391 
6.066133 0.727037 
6.626115 0.758990 
6.902190 0.773548 
7.458943 0.800761 

M 2 
7.806076 
8.341140 
8.776756 
9.271518 
9.811771 

10.248805 
10.906695 
11.271196 
12.054188 
12.336886 
13,243001 
13.443368 

*•6411 14,455073 
4.7988 14.587887 
*•9778 15.733126 
5.1714 15,767541 
5,1927 16.977714 
5.4540 17.022361 
5.7823 18.214619 
5.3122 16.255157 
6.1557 19.368606 
6.4169 19.472108 
6.7810 20.333552 
7.0039 20.742413 
7.3953 21.177270 
7.5849 21.975271 
7.9865 
8.1454 
8.5515 
8.6905 
9.0898 
9.2195 
9.6017 
9.7317 

10.0878 
1 A A A p « 

10.5484 
10.7002 
10.9838 

r M 
0.816362 11.1530 
0.838546 11.3940 
0.855050 11.5822 
0.872240 11.7788 
0.889267 11.9852 
0.901800 12.1379 
0.918760 12.3593 
0.927224 12,4707 
0.943386 12,7015 
0.948572 12.7764 
0.963140 13*0085 
0.965951 13.0541 
0.978171 13.2769 
0.979536 13.3023 
0.989336 13.5146 
0.989576 13.5200 
0.996396 13,7023 
0.996587 13.7039 
1.000441 13,8468 
1.000530 13.8513 
1.002221 13.9410 
1.002307 13.9458 
1.002743 13.9852 
1.002812 13,9919 
1.002841 13,9989 
1.0C2847 14.0000 

A-liii 



M, 
16*00 

(a/a*); 

10*00 
l/t 

r 
1*2000 22,.790855 

» 
0*050 

1594.170000 0*400*415 0*689452 

0| 
-0*017224 

a* 
“0*001865 

Ma 
9.723957 

Za 
0*555830 

CONTOUR #38 

a 
0*083064 

-0*119984 0,113270 

0*098008 

Z 
-0*281164 
*■0*181164 
“0*081164 

0*018836 
0*118836 
0*218836 
0*318836 
0*418836 
0*518836 
0*618836 
0*648242 
0.738261 
0.857396 
0.972595 
1*218924 
1*265328 
1*624963 
1*677810 
2*061526 
2*213681 
2*564611 
2*820104 
3.205140 
3*491848 
3.934899 
4.225914 
4.786341 
5*020754 
5.772587 
5.875756 
6,784473 
6.908098 
7.744913 
8.206606 
8.764461 
9.679780 
9,843392 

10.964631 
11.339085 

r M 
0.000627 
0*002564 
0.008104 
0.016820 
0.028260 
0.041949 
0.057392 
0.074079 
0.091489 
0*109098 
0.114249 10.0396 
0.129807 10.2889 
0.149876 10.5775 
0.168706 10.8082 
0.207068 11,2305 
0.214026 11.2988 
0.265327 11,7554 
0,272496 11,8138 
0.322113 12.1871 
0.340659 12.3158 
0.383542 12.5987 
0,409165 12.7554 
0.448696 12.9905 
0,476365 13.1436 
0,516486 13.3636 
0.541217 13.4901 
0.585637 13.7187 
0,603030 13.8025 
0.654702 14,0562 
0.661315 14.0867 
0,715348 14,3420 
0.722117 14.3753 
0.764809 14.5716 
0,786103 14.6754 
0.809895 14,7842 
0,844747 14.9553 
0*850447 14,9816 
0.885822 15.1558 
0.896218 15.2120 

Z 
12.137187 
13,187014 
13,368036 
14.631565 
15,213379 
15.944412 
17.303616 
17.375140 
18.685127 
19.551301 
20.107587 
21.552410 
21.555969 
23.007414 
23.056409 

r 
0.916294 
0.938695 
0.942114 
0.962938 
0.970759 
0.979195 
0.991217 
0.991720 
0.999158 
1.002292 
1.003670 
1.005543 
1.005545 
1.005879 
1.005880 

M 
15,3137 
15.4425 
15.4611 
15.5863 
15.6421 
15.6985 
15.7996 
15.8048 
15.8765 
'15.9222 
15.9408 
15.9876 
15.9678 
15,9996 
16.0000 

A-liv 



i 

Mi & 
16*00 10*00 

71*725543 0 

r 
1*4000 23*333494 0*075 

I//L S 
*327155 1*400095 -0*206714 

4 Ok Ma Za 
-0*009361 -0*000735 6*838789 0*763379 

Q 
0*054102 

». 
0*097731 

tk 
0*134604 

» 
Z 

-0*273723 
-0*173723 
-0*073723 

0*026277 
0*126277 
0*226277 
0.326277 
0*426277 
0.526277 
0.626277 
0.726277 
0.820577 
0.896702 
0.986218 
1.021624 
1.222645 
1.267175 
I. 605517 
1.610102 
2.022147 
2.072219 
2.509226 
2.611828 
3.077615 
3.219009 
3.73377.8 
3.890605 
4.484110 
4.624686 
5.334769 
5.419913 
6.274960 
6.291694 
7,184773 
7,360736 
8,152578 
8,544832 
9.177830 
9.846047 

10.259443 
II. 263674 

C 

0.013942 
0.015515 
0.020061 
0.027307 
0.036965 
0.048736 
0.062308 
0.077360 
0.093562 
0.110578 

.0.128065 
0.144691 
0.158067 
0.173562 
0.179604 
0.212905 
0.220027 
0.271371 
0.272034 
0.328618 
0.335096 
0.388584 
0.400374 
0.450816 
0.465169 
0.514223 
0.528212 
0.577706 
0.5^3660 
0.640160 
0.645916 
0.699522 
0.700495 
0.748919 
0.757651 
0.794107 
0.810512 
0.834914 
0.858101 
0.871212 
0.899562 

O N T O U 

M 

7.0567 
7.3256 
7.6032 
7.7053 
8.2055 
8.3023 
8.9577 
8.9655 
9.5940 
9.6627 

10.1984 
10.3116 
10.7796 
10.9076 
11.3379 
11.4562 
11.8738 
11.9632 
12.3872 
12.4331 
12.8691 
12.8773 
13.2685 
13.3422 
13.6399 
13.7812 
13.9853 
14.1920 
14.3059 
14.5715 

R 0 3 9 

Z 
11.396045 
12.579494 
12,793020 
13,610523 
14.420539 
15.090847 
16.120015 
16,416382 
17.780392 
17.841669 
19.175193 
19.585370 
20.602Ó43 
21.161431 
22,050330 
22.447655 
23,507614 
23,526622 

r 
0.902939 
0.929939 
0.934204 
0.952339 
0.961542 
0.970350 
0.981468 
0.984156 
0.994023 
0.994370 
1.000326 
1.001552 
1.003644 
1.004288 
1.004802 
1.004887 
1.004943 
1.004943 

M 
14.6025 
14,8693 
14.9159 
15.1093 
15.2212 
15.3265 
15,4826 
15.5200 
15.6869 
15.6942 
15.8195 
15.8569 
15.9210 
15.9554 
15.9826 
15.9945 
15.9999 
16.0000 

A-lv 



U.1.5564 0*334162 2.228,,3 .0.2^001 

4 
-0.008034 

<% 
-0.000245 

Ma 
4.708385 

^CONTOUR ë 4 0 

z 
0.009220 
0*109220 
0.209220 
0.309220 
0.409220 
0.509220 
0.609220 
0.709220 
0.809220 
0.909220 
1.009220 
1.054290 
1.099903 
1.153489 
1*221864 
1.245127 
1.314775 
1.445504 
1.532276 
1.623215 
1.842818 
1.875362 
2.277120 
2.277602 
2.741993 
2.784058 
3.272653 
3.358018 
3.872314 
3.996954 
4.543999 
4.699444 
5.290396 
5.464441 
6.113692 
6.291044 
7.015432 
7.178335 
7.996239 

0.061783 
0.063409 
0.068099 
0.075560 
0.085485 
0.097552 
0.111425 
0.126759 
0.143201 
0.160387 
0.177953 
0.185901 4,8581 
0.193945 5,0185 
0.203376 5,1991 
0.215312 5.4150 
0.219335 5.4832 
0.231263 5.6797 
0,253115 6.0147 
0.267157 6.2170 
0.281484 6.4186 
0.314556 6.8613 
0.319268 6.9212 
0.374042 7.6072 
0.374104 7,6079 
0.430481 8.2748 
0,435260 8.3311 
0.487500 8.9281 
0.496026 9,0253 
0.544243 9.5664 
0.555144 9.6884 
0.599939 10.1884 
0.611797 10.3205 
0.653883 10.7928 
0.665411 10.9220 
0.70542¾ l i . a-»^o 

j - ~ + * 3 i i o 

0.715565 11.4933 
0.753961 11.9415 
0.761948 12.0348 
0.798954 12.4815 

z 
8.125276 
9.055542 
9.130674 

10.191070 
10.193133 
11.309306 
11.398703 
12.478742 
12.670209 
13.699319 
13.993324 
14,968109 
15.348563 
16.281425 
16.788851 
17,635871 
18.256581 
19.026612 
19.676636 
20.447504 
20.971737 
21,890862 
22,093056 
23,050555 
23.346244 
23.918983 
24.786819 

0.804333 
0.839925 
0.842560 
0.876471 
0.876531 
0.906156 
0.908282 
0.931493 
0.935138 
0.952615 
0.956973 
0.969647 
0.973884 
0.982784 
0.986785 
0.992301 
0.995490 
0.998567 
1.000488 
1.002082 
1.002802 
1.003522 
1.003603 
1.003785 
1.003796 
1.003804 
1.003804 

M 
12.5465 
12.9950 
13.0283 
13.4789 
13.4797 
13.8975 
13.9298 
14,2837 
14.3443 
14.6374 
14,7184 
14.9575 
15.0479 
15,2418 
15.3440 
15,4884 
15.5911 
15.6941 
15.7785 
15,8533 
15.9029 
15.9585 
15.9705 
15.9960 
15.9974 
16.0000 
16.0000 

A-lvi 



M, & r 2, r a 
18*00 10*00 1*2000 24*894510 0*050 0*130666 

(A/A*)!* I/A K ■ *4 
2810*843700 0*307211 0*782201 -0*138785 0*104996 

Ol (½ MU 2a fc 
-0*013908 -0*001563 10*482792 0,442347 0*077998 

CONTOUR #41 

Z 
0*224992 
0*124992 
0*024992 
0*075008 
0.175008 
0*275008 
0.375008 
0*475008 
0*520019 
0*608272 
0*708724 
0*827226 
1*066013 
I, 107249 
1*458719 
1*532710 
1*893641 
2*088253 
2*423768 
2*725330 
3*062672 
3.437961 
3.825069 
4*222942 
4*726586 
5*078493 
5*783844 
6*004345 
6.999667 
7.014100 
8.047590 
8.437083 
9.165376 

10.066897 
10.353773 
II. 596542 
11.918291 
12.894304 
13.996593 

0*000356 
0*002764 
0*009556 
0*020046 
0*033499 
0.049141 
0*066166 
0.083750 
0*091650 
0.106880 
0.123756 
0.143035 
0.179877 
0*185992 
0*235508 
0.245379 
0.291206 
0.314419 
0*352318 
0.384295 
0.417993 
0.453168 
0.487159 
0.519904 
0.558501 
0.583727 
0.630490 
0.644118 
0.700622 
0.701381 
0.752082 
0.769328 
0.799170 
0.832097 
0.841691 
rt.«70030 

0.887591 
0.911162 
0.933713 

10.8336 
11.1533 
11.4671 
11.7692 
12.2798 
12.3549 
12.8980 
12.9961 
13.4140 
13.6071 
13.9065 
14.1382 
14.3758 
14.6042 
14.8230 
15.0179 
15.2492 
15.3895 
15.6547 
15.7267 
16.0348 
16.0391 
16.3044 
16.4003 
16.5545 
16.7376 
16.7875 
16.9953 
17.0474 
17.1807 
17.3256 

Z 
14.262258 
15,670540 
16.290134 
17,135399 
18.655888 
18,748125 
20.202691 
21*226310 
21.799047 
23.421407 
23.505016 
25.058699 
25.171891 

r 
0.938534 
0.960737 
0.968744 
0.978150 
0.991148 
0.991776 
0.999829 
1.003468 
1.004876 
1.007068 
1.007110 
1.007490 
1.007492 

M 
17.3546 
17,5032 
17.5665 
17.6357 
17.7556 
17,7627 
17.8472 
17.9044 
17.9250 
17.9814 
17.9842 
17.9989 
18.0000 

A-lvii 



lA/A*), 
95.704122 0.37^831 1,602269 -0.246961 0,090984 

-»-A« .0.0M59É_hñilil-SliHHÍ- 
CONTOUR * 4 

Z 
,242481 
142481 

«..042481 
0.057519 
0.157519 
0.257519 
0.357519 
0.457519 
0.557519 
0.657519 
0.692961 
0.756884 
0.857083 
0.863681 
1.040863 
1.130751 
1,289421 
1,471695 
1.735900 
1,886689 
2.269742 
2.384007 
2,882766 
2.971889 
3.570447 
3.658517 
4.330284 
4.451882 
5.160506 
5.359710 
6.060373 
6.389193 
7.029361 
7,546895 
o 
O • ^ w w • - - 

8.837992 
9.171804 

10.265604 
10.343460 

0.010449 
0.012280 
0,017533 
0,025830 
0,036772 
0.049938 
0,064893 
0.081186 
0.098357 
0.115939 
0.122189 
0.133431 
0.150766 
0,151892 
0.181362 
0.195712 
0.220114 
0.246785 
0.283125 
0.302756 
0.349503 
0.362641 
0.416364 
0.425372 
0.482038 
0.489831 
0.545478 
0.554854 
0.605946 
0.619256 
0.662940 
0.681844 
0.716074 
0.741442 
n.765038 
0.796905 
0.809601 
0.847155 
0.849595 

7.4423 
7.7212 
8.1040 
8.1274 
8.6692 
8.9095 
9.2906 
9.6733 

10.1639 
10.4118 
10.9697 
11.1205 
11.7054 
11.8017 
12.3777 
12.4567 
12.9947 
13.0862 
13.5634 
13.6903 
14.0899 
14.2680 
14.5786 
14.8180 
15.0331 
15.3381 
15.4559 
15.8253 
15.8487 

11,571786 
11,830684 
12,861100 
13,526285 
14.212383 
15.337442 
15.621996 
17,081655 
17.235631 
18.585767 
19.164237 
20.136415 
21.129229 
21.726783 
22.915602 
23.346057 
24.366621 
24.982418 
25.546021 
26.623302 
26,681742 

0.884664 
0.891236 
0.914954 
0.928285 
0.940557 
0.957744 
0.961537 
0.978001 
0.979448 
0.990165 
0.993707 
0.998444 
1,001864 
1.003313 
1.005121 
1.005468 
1.005891 
1.005955 
1.005974 
1.005974 
1.005974 

M 
16.2035 
16.2756 
16.5282 
16.6852 
16.8262 
17.0492 
17.0975 
17.3370 
17.3616 
17.5411 
17.6156 
17.7152 
17.8138 
17.8560 
17.9376 
17.9535 
17.9905 
17.9955 
17.9999 
17.9999 
18.0000 

A-lviü 



•0*012653 
0(087347 
0.187347 
0.287347 
0.387347 
0.487347 
0.587347 
0.687347 
0.787347 
0.887347 
0,926621 
0.965997 
1,011618 
1,068833 
1,114890 
1,146132 
1,255023 
1.396289 
1.408791 
1,605740 
1.737396 
2( 

2 
2 
2 
3 
3 
3 

035338 
,140356 ~ 

,548977 
,610362 
,140435 
,151863 

_,769589 
3.805822 
4,466815 
4.544356 
5.246912 
5.355396 
6.112960 
6.237936 
•7 A ¿ ^ *2 A O 
I tU V » ' 

7.191262 
8.111356 
8.214204 

0.051904 
0.053705 
0.058875 
0.067050 
0.077845 
0.090855 
0.105661 
0.121828 
0.138912 
0.156463 
0.163389 
0.170335 
0.178372 
0.188388 
0.196360 
0.201718 
0.220077 
0.242998 
0.244975 
0.275151 
0.294288 
0.334919 
■0.348423 
0.397539 
0.404471 

460369 
461498 

5.0320 
5.1937 
5, 

5, 

5, 

5, 

6 
6 

3739 
5869 

,7462 
,8503 
,1821 
5708 

6.6035 
7.0741 

0 
0_ 
0.518689 
0.521813 
0.575178 
0.580996 
0.630225 
0.637281 
0.683160 
0.690173 
0,733354 
0.739318 
0.780227 
0.784439 

,3560 
7.9460 
8.1322 
8.8014 
8.8931 
9.6243 
9.6389 

10.3679 
10.4076 
11.0809 
11.1542 
11.7763 
11.8653 
12.4519 
12.5415 
13.1053 
13.1831 
13.7334 
13.7902 

9.245176 
9.305494 

10.463826 
10.466993 
11,685541 
11.772958 
12.970255 
13.154868 
14.315286 
14.600175 
15.717653 
16.088736 
17.173213 
17.684491 
18.678287 
19.329279 
20.227606 
20.943634 
21.814780 
22.437354 
23.431473 
23.740281 
24.838500 
25.066540 
25,794380 
26.707177 
26.714983 

0.823257 
0.825339 
0.861895 
0.861986 
0.893985 
0.896048 
0.921646 
0.925158 
0,944923 
0.949184 
0.963924 
0.968150 
0.978823 
0.983029 
0.989872 
0.993468 
0.997417 
0.999802 
1.001918 
1.002967 
1.004002 
1.004187 
1.004515 
1.004535 
1.004564 
1.004565 
1.004565 

M 
14.3333 
14.3625 
14.8996 
14.9010 
15.3981 
15.4325 
15.8601 
15.9237 
16.2845 
16.3702 
16.6703 
16.7667 
17.0148 
17.1280 
17.3164 
17.4361 
17.5721 
17.6774 
17.7765 
17.8455 
17.9215 
17.9446 
17.9888 
17.9915 
17.9997 
17.9999 
18.0000 

A-lix 



M. ^ y I, tr a 
20*00 10*00 1*2000 26*997433 0*050 0*201864 

(A/A*)* 1//0, ^ Ü, a. 
4686*092200 0*624215 0*879008 -0*159195 0.097760 

Q| Qi Ma ' Za tk 
-0*011340 -0*001322 11.176053 0.355476 0*062680 

CONTOUR #44 

-0 
-0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
2 
2 
2 
3 
3 
4 
4 
5 
5 
6 
7 
7 
8 
8 
9 

10 
10 
12 
12 
13 
14 
15 

Z 
•181430 
•081430 
.018570 
.118570 
.218570 
.318570 
.418570 
.420539 
.505837 
.589173 
.709533 
*939363 
.976082 
•317684 
410719 
748231 
982515 
281690 
646713 
934396 
396791 
724110 
228849 
669868 
141473 
791828 
134239 
111290 
207879 
345823 
651935 
557879 
433244 
852161 
214455 
472692 
633887 
779055 
136156 

r 
•000213 
.003174 
•011381 
.023743 
.039089 
056183 
073774 
074119 
088817 
102784 
122281 
157424 
162812 
210367 
222579 
264686 
292055 
325103 
362864 
390858 
433004 
460912 
501205 
533941 
566664 
608341 
628791 
682261 
687164 
740637 
753685 
789451 
820214 
833707 
872835 
879443 
906463 
929016 
935264 

M 

11 
11 
12 
12 
13 
13 
13 
14 
14 
14 
15 
15 
15 
16 
16 
16 
16 
16 
17 
17 
17 
17 
18 
18 
18 
18 
18 
18 
18 
19 
19 
19 

5585 
9564 
2872 
6716 
2758 
3572 
9903 
1360 
5947 
8640 
1723 
4923 
7231 
0401 
2484 
5239 
7495 
9570 
2268 
3492 
6798 
7080 
0244 
1062 
3129 
5044 
5823 
8258 
8705 
0393 
1994 
2407 

16.686984 
17.339286 
18.301514 
19.981412 
20.095269 
21.691654 
22.879361 
23,460676 
25.259247 
25.439788 
27,078461 
27,277051 

0.958761 
0.966901 
0.977274 
0.991218 
0.991974 
1.000634 
1.004808 
1.006234 
1.008774 
1.008874 
1.009306 
1.009311 

M 
19,4138 
19.4843 
19.5675 
19.7073 
19,7165 
19,8143 
19.8843 
19,9066 
19,9734 
19,9799 
19,9978 
20,0000 

A-lx 



* r it * 
20*00 10*00 1*4000 27*640229 0*075 

lA/A*)* 
124*005400 0*438859 .43ÉÍ859 1.8¾ 

M. 
225 -0*290011 

Q Q| Ma Za 
-0*006313 -0*000481 7*542847 0*549628 

a 
0*099779 

q. 
0*085054 

« 
0*096914 

CONTOUR «45 

-0*214046 
-0*114046 
-0*014046 

0*085954 
0*185954 
0*285954 
0*385954 
0*485954 
0*585954 
0.590779 
0*644489 
0.734426 
0.751410 
0.889095 
1*016516 
1.117057 
1.352647 
1.559254 
1.767988 
2.100276 
2.272147 
2.731319 
2.874994 
3.447437 
3.586419 
4,245751 
4.416162 
5.124545 
5.373683 
6.082889 
6.467873 
7.120477 
7*706888 
8.236407 
9.097345 
9.430168 

10.643584 
10.700526 
12.035209 

r 
•008064 
•010180 
•016201 
•025609 
037855 
052359 
068519 
085714 
103321 
104172 
113626 
129220 
132116 
155052 
175368 
190799 
225134 
253330 
280251 
320271 
339746 
388330 
402577 
455605 
467625 
520899 
533705 
583400 
599588 
642530 
664016 
697863 
725740 
749037 
783526 
795796 
836200 
837932 
875003 

7 
8 
8 
8 
9 
9 
9 

10 
10 
11 
11 
11 
12 
12 
13 
13 
14 
14 
14 
14 
15 
15 
15 
16 
16 
16 
16 
17 
17 
17 

.7764 

.0615 

.4801 

.5499 

.0591 
• 4669 
.7546 
.3366 
.7843 
• 1805 
.7347 
.9927 
• 6005 
.7750 
.3900 
.5287 
• 1129 
• 2545 
.7783 
9522 
3934 
6206 
9641 
2580 
4946 
8617 
9880 
4283 
4466 
8595 

12.347598 
13.441553 
14.201848 
14.919458 
16.190405 
16,465172 
18,067760 
18,281972 
19.723699 
20.414430 
21.434204 
22.602339 
23,191869 
24.609669 
24.984852 
26.242206 
26.800608 
27.533779 
28.624166 
28,735903 

A-lxi 

0.882712 
0.907217 
0.922077 
0.934617 
0.953646 
0.957247 
0.975166 
0.977166 
0.988601 
0.992874 
0.997946 
1.002132 
1.003654 
1.006024 
1.006376 
1.007022 
1.007105 
1.007144 
1.007145 
1.007145 

M 
17,9527 
18,2391 
18,4308 
18,5881 
18,8566 
18.9063 
19,1870 
19,2234 
19.4283 
19,5233 
19.6359 
19.7608 
19,8067 
19.9139 
19.9304 
19,9843 
19.9911 
19,9999 
19,9999 
20.0000 

I 



Mt 
20*00 

* 
10*00 

Jfl (A/A*)T 
22*525322 

Ol 
-0.005901 

Z 
025065 
074935 
174935 
274935 
374935 
474935 
574935 
674935 
774935 
821017 
855281 
894410 
942497 

1*004112 
1.006704 
1*096397 
1*225591 
1*277216 
1.400158 
1*611737 
1*818758 

010950 
333072 
480460 
935508 
025588 
622838 
651544 
363628 
392650 
165994 
243796 
062168 
176808 
055496 
190545 

8*148238 
8*283948 
9.341352 

r 
1*6667 

0*411816 

28*283025 
W 

0*100 

Ot 
-0*000132 

* 
2*879743 

HU 
5*017868 

* 
-0.316990 

Za 
0*788756 

Q 
0*087861 

0. 
0*082555 

U 
0*1390791 

CONTOUR «46 

r 
•044394 
•046384 
•052068 
•060992 
.072677 
.086617 

102288 
119147 
136642 
144768 
150814 
157712 
166149 
176827 
177273 
192504 
213724 
221933 
240921 
271839 

.300135 

.324389 

.363524 
380125 
427816 
436658 
491223 
493673 
550418 
552569 
606112 
611104 
660029 
666372 
711524 
717933 
759986 
765474 
804857 

M 

5 
5 
5 
5 
5 
5 
6 
6 
6 
7 
7 
8 
8 
9 
9 

10 
10 
11 
11 
11 
11 
12 
12 
13 
13 
14 
14 
14 
14 
15 

1709 
3329 
5117 
7200 
9685 
9785 
2997 
7177 
8704 
2135 
7362 
2078 
5958 
1941 
4420 
1463 
2746 
0577 
0928 
8944 
9246 
6785 
7487 
4432 
5332 
1856 
2782 
9023 
9838 
5896 

Z 
9*455920 

10*633880 
10*704848 
12*022316 
12*028730 
13*423810 
13.499787 
14*888631 
15.053609 
16.419998 
16*663591 
18.013490 
18.405056 
19.664950 
20*222263 
21.369205 
22.034396 
23.119333 
23.741287 
24.906563 
25.251838 
26.523663 
26.719153 
27.595136 
28.541880 
28.576230 

A-lxii 

0.808771 
0.845633 
0.847659 
0.881868 
0.882039 
0.911841 
0.913292 
0.937124 
0.939622 
0.957976 
0.960820 
0.974554 
0.977916 
0.987090 
0.990388 
0.995903 
0.998375 
1.001423 
1.002674 
1.004226 
1.004511 
1.005086 
1.005121 
1.005199 
1.005208 
1.005208 

M 
15*6499 
16*2432 
16*2760 
16*8587 
16.8613 
17.4022 
17.4307 
17.9003 
17.9542 
18.3545 
18.4236 
18.7621 
18.8571 
19.1214 
19.2346 
19.4296 
19.5393 
19.6819 
19.7616 
19.8706 
19.9022 
19.9736 
19,9780 
19.9974 
19.9999 
20.0000 

i 



CONTOUR #6 

perfect 

0.175782 
0.275782 
0.375782 
0.475782 
0.575782 
0.675782 
0.775782 
0.875782 
0.975782 
1.075782 
1.175782 
1.275782 
1.375782 
1.475782 
1.575782 
1.675782 
1.775782 
1.875782 
1.975782 
2.075782 
2.175782 
2.275782 
2.375782 
2.475782 
2.575782 
2.675782 
2.775782 
2.875782 
2.975782 
3.075782 
3.175782 
3.275782 
3.375782 
3.475782 
3.575782 
3.675782 
3.775782 
3.875782 
3.975782 
4.075782 
4.175782 
4.275782 
4.375782 
4.475782 
4.575782 
4.675782 

'LUID COORDINATES IN EQUAL z INCRElfiMTS 

r 

0.137128 
0.138061 
0.140800 
0.145254 
0.151331 
0.158934 
0.167963 
0.178316 
0.189890 
0.202577 
0.216269 
0.230856 
0.246224 
0.262260 
0.278848 
0.295872 
0.313214 
0.330757 
0.348383 
0.366010 
0.383613 
0.401161 
0.418604 
0.435895 
0.452983 
0.469822 
0.486380 
0.502630 
0.518554 
0.534137 
0.549369 
0.564248 
0.578769 
0.592932 
0.606740 
0.620200 
0.633314 
0.646090 
0.658533 
0.670649 
0.682443 
0.693920 
0*705092 
0.715961 
0.726532 
0.736809 

First 
Differenoe 

0. 
0.000933 
0.002739 
0.004455. 

0.006077 
0.007602 
0,009029 
0.010354 
0.011574 
0.012687 
0.013692 
0.014586 
0.015368 
0.016036 
0.016588 
0.017024 
0.017343 
0.017543 
0.017626 
0.017627 
0.01760j 
0.017548 
0.017444 
0.017291 
0.017087 
0.016840 
0.016558 
0.016251 
0.015923 
0.015583 
0.015233 
0.014878 
0.014521 
0.014163 
0.013809 
0.013459 
0.013114 
0.012776 
0.012443 
0.012116 
0.011794 
0.011477 
0.011172 
0.010869 
0.010571 
0.010277 

Second 
Difference 
0. 
0. 
0.001806 
0.001716 
0.001622 
0.001526 
0.001426 
0.001325 
0.001220 
0.001114 
0.001005 
0.000894 
0.000782 
0.000668 
0.000552 
0.000436 
0.000319 
0.000200 
0.000083 
0.000001 

-0.000024 
-0.000055 
-0.000104 
-0.000153 
-0.000204 
-0.000247 
-0.000282 
-0.000307 
-0.000327 
-0.000340 
-0.000350 
-0.000354 
-0.000357 
-0.000359 
-0.000354 
-0.000350 
-0.000345 
-0.000338 
-0.000333 
-0.000328 
-0.000322 
-0.000316 
_ A />/>/> O A / 

\J • VKJKJ JVO 

-0.000302 
-0.000299 
-0.000293 

A-lxiii 



CONTOUR #6 

s 

4.775782 
4.875782 
4.975782 
5.075782 
5.175782 
5.275782 
5.375782 
5.475782 
5.575782 
5.675782 
5.775782 
5.875782 
5.975782 
6.075782 
6.175781 
6.275781 
6.375781 
6.475781 
6.575781 
6.675781 
6.775781 
6.875781 
6.975781 
7.075781 
7.175781 
7.275781 
7.375781 
7.475781 
7.575781 
7.675781 
7.775781 
7.875781 
7.975781 
8.075781 
8.175781 
8.275781 
8.375780 
8.475780 
8.575780 
8.675780 
8.775780 
8.875780 
8.975780 
9.075780 
O . 1 7«7fir> 

W V 

9.275780 

r 

0,746807 
0,756527 
0,765974 
0,775150 
0,784067 
0,792729 
0,801141 
0.809305 
0,817229 
0,824918 
0,832378 
0.839612 
0.846624 
0,853419 
0,860002 
0,866379 
0,872554 
0,878526 
0.884304 
0.889891 
0.895294 
0.900513 
0.905551 
0.910409 
0.915099 
0.919623 
0.923983 
0.928178 
0.932209 
0.936088 
0.939820 
0.943405 
0.946843 
0.950135 
0.953288 
0.956308 
0.959198 
0.961957 
0.964588 
0.967092 
0.969479 
0.971750 
0.973907 
0.975951 
A A t ^ % A A \j ê 7 t i oo j 

0.979710 

First 
Difference 

0,009997 
0,009721 
0,009446 
0,009176 
0,008917 
0,008662 
0,008411 
0.008164 
0.007924 
0.007689 
0.007459 
0.007234 
0.007012 
0.006795 
0.006&83 
0.006378 
0.006174 
0.005974 
0.005776 
0.005587 
0.005403 
0.005219 
0.005038 
0.004658 
0.004690 
0.004524 
0.004359 
0.004195 
0.004031 
0.003879 
0.003732 
0.003585 
0.003438 
0.003292 
0.003153 
0.003021 
0.002889 
0.002760 
0.002631 
0.002504 
0.002387 
0.002271 
0,002157 
0,002044 
0.001932 
0.001827 

Second 
Difference 

-0.000280 
-0,000277 
-0.000274 
-0.000270 
-0.000259 
-0.000255 
-0.000251 
-0.000247 
-0.000240 
-0.000235 
-0.000230 
-0.000225 
-0.000222 
-0.000218 
-0.000212 
-0.000205 
-0.000203 
-0.000200 
-0.000198 
-0.000189 
-0.000184 
-0.000183 
“0.000182 
-0.000180 
-0.000169 
“0.000165 
-0.000165 
“0.000164 
-0.000164 
-0.000152 
“0.000147 
“0.000147 
-0.000146 
“0.000146 
“0.000140 
“0.000132 
“0.000131 
“0.000130 
-0.000129 
-0.000127 
“0.000117 
-0.000116 
“0.000114 
-0.000113 
“û.000112 
“0.000106 

A-lxiv 



CONTOUR #6 

«•375780 
9.475779 
9.575779 
9.475779 
9.775779 
9.475779 
9.975779 

10.075779 
10.175779 
10.275779 
10.375779 
10.475778 
10.575778 
10.675778 
10.775778 
10.875778 
10.975778 
11.075778 
11.175778 
11.275778 
11,375778 
11.475778 
11.575777 
11.675777 
11,775777 
11,875777 
11.975777 
12.075777 
12.175777 
12.275777 
12.375777 
12.475777 
12.575776 
12,675776 
12.775776 
12.875776 
12.975776 
13.075776 
13.175^76 
13.275776 
13.375776 
13.475776 
13.548710 

P 

0.981437 
0.983065 
0.984597 
0.986033 
0.987377 
0.988634 
0,989808 
0.990902 
0.991916 
0.992854 
0.993718 
0.994513 
0.995243 
0.995910 
0.996516 
0,997065 
0.997559 
0.998001 
0.998396 
0.998745 
0.999054 
0.999324 
0.999557 
0.999756 
0.999924 
1,000067 
1,000187 
1.000285 
1,000362 
1,000421 
1,000467 
1,000504 
1.000532 
1,000552 
1,000564 
1,000572 
1.000578 
1,000581 
1.000583 
1,000584 
1,000584 
1.000584 
1,000584 

First 
Difference 

0.001727 
0.001628 
0.001532 
0.001437 
0,001344 
0.001257 
0.001174 
0.001093 
0,001015 
0.000937 
0,000864 
0.000795 
0.000730 
0.000667 
0.000606 
0.000548 
0.000494 
0,000443 
0.000394 
0.000349 
0,000309 
0.000270 
0.000233 
0.000199 
0,000168 
0.000143 
0.000120 
0.000098 
0.000078 
0.000059 
0.000046 
0.000036 
0,000028 
0.000020 
0.000013 

' 0.000008 
0.000005 
0.000003 
0.000002 
0.000001 
0.000000 

-0,000000 
-0,000000 

Second 
Difference 

-0.000100 
-0.000099 
-0.000097 
-0.000095 
-0.000093 
-0.000087 
-0.000083 
-0.000081 
-0.000079 
-0.000077 
-0.000073 
-0.000069 
-0.000066 
-0.000063 
-0.000060 
-0.000058 
-0.000054 
-0.000051 
-0.000048 
-0.000045 
-0.000041 
-0.000039 
-0.000037 
-0.000034 
-0.000031 
-0.000025 
-0.000023 
-0.000022 
-0.000020 
-0.000019 
-0.000013 
-0.000010 
-0.000009 
-0.000008 
-0.000007 
-0.000005 
-0.000003 
-0.000002 
-0.000002 
-0.000001 
-0.000001 
-0.000000 

0.000000 



APPENDIX II 

DIMENSIONLESS COORDINATES OP PLOW FIELD 



appendix II 

Tk« tables of nozzle 

The Mach nuabera and 

U thli A[WM1I m ^ (be ^ 

m'0* 0t “•'‘“c '» tl»« coordlnttta 

M 

10.0 

18.0 

27.1 

10.0 

12.0 

JL 
5/3 

5/3 

5/3 

7/5 

7/5 

'—" "i tue c 
coordinate «yeten used. I 

the 

B-iii 



DímbcíooIms Coord lo» t«a of nov Fltld 

for Nidi 10 Noixla 

7 • 5/3* • «ui ■ 10° 

0.0000 0.17^3 
0.0673 0.1771 
0.1600 0.1812 
0.2358 0.1871 
0.3Õ89 0.19½ 
0.3820 0.2025 
O.H56I1 0.2121 
0.5326 0.2229 
0.6111 0.23*7 
0.6921 0.2*7* 
0.7759 °*2&0 
0.8627 0.2755 
0.9526 O.2907 
1.0*58 0.3067 
1.1*25 0.3235 
1.2*28 0.3*10 
1.3*69 0.3592 
l.*5*9 0.3782 
1.5668 0.3979 
1.6828 0.*l8* 
I.8029 0.*395 
1.926* 0.*6l2 
2.1338 0.4970 
2.3695 0*5365 
2.6373 0.579* 
2.9*15 O.6255 
3.2886 0.6755 
3.6812 0.7275 
4.1320 0.7836 
4.6465 0.8419 
5.2343 0.9023 
5.9122 0.9652 
6.6927 1.0293 
7.59*9 1.09*0 
8,6389 1.1579 
9.85Ü I.2197 

11.2621 1.2777 
12.891* 1.3280 
1*.7825 1*3700 
16.9269 1*3989 
19.2871 i**i** 
21.55*5 I**l85 

r * distance from point source 

to sonic sphere in radial flow 

B-iv 



i 

Dlmoalonlctt CoordijMt«« of Flow Field 

for Mecfa 18 Rósele 

F • 5/3, - 12° 

s/r0 H/r0 

0.0000 0.2091 
0.06½ 0.2128 
0.1682 O.2189 
0.2396 0.2262 
O.3O78 O.2347 
0.3755 0.2445 
0.4439 O.2554 
O.5I38 O.2674 
O.5854 0.2804 
O.6592 0.2943 
0.7353 O.309I 
0.8140 0.3247 
O.8954 O.341I 
0.9798 0.3584 
1.0674 O.3765 
1.1582 0.3954 
1.2526 0.4152 
I.3506 0.4358 
I.4525 O.4574 
1.5582 0.4797 
1.6680 0.5030 
I.7823 O.52733 
I.9OO8 0.5524 
2.0236 0.5785 
2.1514 0.6057 
2.2830 0.6335 
2.5499 0.6891 
2.8570 O.7516 
3.2094 0.8200 
3.6159 O.896O 
4.0914 O.982I 
4.6335 1*0728 
5.2718 I.I756 
6.0127 I.2865 
6.8860 1.4095 

7.9156 I.5432 
9.1364 I.6912 

10.7084 1.8559 
12.3266 2.0231 
14.4314 2.2117 
16.9456 2.4113 
20.1190 2.6305 
23.9784 2.8579 
28.7809 3.0941 
34.7754 3.3312 
42.3632 3.5610 
51.8741 3.7640 
63.6494 3.9194 
77.5568 4.0073 
90.9731 4.0285 

r0 • distance fren point source 

to sonic sphere in redial flow 

B-v 



Following aro tho non-dlMnaional crdlnatoa for • Hneb n»btr 
of 27 ucUyMttrie nosilt for oso with holl« a* ealoulatod by tho 
oharaotorlotlea aothod, Tho ordlmtoo aro nado non-dlaonalonal 
with roopoet to tho titra rodluo. Tho ordlnatoa do Inc ludo a 
correction for tho boundary layar* Thla nosilo has not boon con «true tod 
and It la not known how good tho flow will bo for thla noislo. 

M « 27.112963 

Jo ^0 

0.01180 1.00000 
.02667 1.00000 
.04304 1.00001 
.06057 1.00012 
.07916 1.00017 
.11907 1.00041 
.16232 1.00079 
.20656 1.00133 
.25821 1.00203 
.31152 1.00295 
.37292 1.00422 
.63661 1.01221 
.78595 1.01855 
.90202 1.02434 

1.00413 1.03009 
1.09895 1.03593 
1.27632 1.04823 
1.44779 1.06175 
1.61764 1.07670 
1.79135 1.09361 
I. 97265 1.11290 
2.17849 1.13686 
3.06475 1.26366 
3.61598 1.36082 
4.07186 1.45101 
4.50204 1.54379 
4.93343 1.64393 
5.84430 1.87664 
6.19099 1.96902 
6.30605 2.00162 
6.40403 2.02932 
6.54803 2.07080 
6.56756 2.08254 
7.43577 2.32535 
9.03423 2.77551 

II. 13536 3.34081 
13.68614 -3.98642 
17.04654 4.71363 

i 1 
y0 7o 

20.69288 5.47324 
24.59023 6.25347 
28.82146 7.05123 
33.63856 7.87267 
39.05761 8.71044 
44.77941 9.55194 
50.99901 10.39820 
57.68930 11.24514 
64.93383 12.09512 
72.53907 12.94214 
80.70016 13.78335 
89.36522 14.62070 
96.47014 15.45262 

108.1828 16.27398 
118.3027 17.08596 
128.7716 17.88923 
140.0699 18.67716 
151.5685 19.45863 
163.9566 20.21856 
176.4056 20.97271 
189.6318 21.70261 
203.0491 22.42508 
217.4121 23.12061 
233. U75 23.78141 
248.7594 24.44009 
264.2852 25.09788 
279.7106 25.75379 
295.7865 26.38592 
314.3718 26.93600 
332.8140 27.48587 
351.1358 28.03583 
369.3423 28.58568 
387.4399 29.13525 
406.4804 29.64825 
428.8279 30.03777 
451.0114 30.42981 
473.0272 30.82394 
494.9003 31.22031 
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DiMoaloolMi CooràiMtt» of flow fitW 

for »ch 10 loMlo 

7 • 7/5# — ■ l6° 

*/ro 

o.oodo 
0,0^57 
0.0957 
0.1*57 
0.2557 
0.3757 
0.*357 
0.*957 
0.5657 
0.6*57 
0.7257 
0.8157 
0.0957 
0.9957 
l.o*57 
1.0957 
1.2*57 
1.2957 
1.3957 
1.5*57 
1.8957 
2.*839 
3.2159 
*.**05 
5.0919 
6.9957 
7.9957 
8.9957 

10.4957 
13.9957 
16.9957 
20.9957 
25**957 

B/r0 

0.2783 
O.279O 
0.2799 
0.2839 
0.2935 
0.308* 
O.3176 
0.3279 
0.3*12 
0.3577 
0.375* 
0.3965 
0.*lâl 
o.**15 
o.*5** 
0.*675 
O.5077 
0.5213 
0.5*88 
O.5905 
0.6891 
0.8569 
I.0667 
1.4025 
1.509* 
2.0161 
2.2293 
2.4298 
2.7088 
3.2801 
3.6975 
4.1737 
4.6235 

*/ro 

29.495? 
33.*957 
37.*957 
*1.*957 
**.*957 
*7.*957 
52.4957 
56.4957 
60.4957 
64.4957 
66.4957 
69.9957 
72.9957 
76.4957 
79.4957 
82.4957 
88.6176 

®/ro 

4.9602 
5.2*84 
5.*956 
5.7063 
5.8*3* 
5.96*2 
6.1330 
6.2*20 
6.3305 
6.4005 
6.429* 
6.4711 
6.498I 
6.5207 
6.5338 
6.5*20 
6.5*78 

r0 - distance frc« point source 

to sonic sphere in radial flow 
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DlMoaloalMt CooxAlaat«» of Flow FloU 

for Utah 12 lottl« 

r • T/J, - i6° 

V»o Vr0 »/»0 */»» 

O.UOOO 0.2783 
0.0457 O.2790 

0.0957 0.2799 
0.1457 0.2839 
0.2557 0.2935 
O.J757 0.3084 
0.4357 0.3176 
0.4957 0.3279 
0.5657 0.3412 
0.6457 O.3577 
0.7257 0.3754 
O.8157 O.3965 
0.8957 0.4161 
O.9957 0.4415 
1.0457 0.4544 

1.0957 0.4675 
1.2457 O.5077 
1.2957 0.5213 
1.3957 0.5488 
I.5457 O.5905 
I. 8957 0.6891 
2.4839 0.8569 
3.2159 I.0667 
3.4957 1.148 
4.4957 1.428 
5.4957 I.701 
6.4957 1.956 
7.4957 2.198 
8.4957 2.428 r, 
9.4957 2.649 

II. 4957 3.063 
15.4957 3.789 
19.4957 4.429 
23.4957 4.984 
27.4957 5.480 

31.4957 5.930 
35.4957 6.341 
39.4957 6.713 
43.4957 7.044 
47.4957 7.340 
51.4957 7.621 
55.4957 7.877 
59.4957 8.110 
63.4957 8.326 
67.4957 8.521 
71.4957 8.698 
75.4957 8.860 
79.4957 9.012 
83.4957 9.149 
87.4957 9.270 
91.4957 9.382 
95.4957 9.484 
99.4957 9.577 

103.4957 9.654 
107.4957 9.726 
113.4957 9.820 
123.2699 9.9063 
131.2962 9.9781 
139*8924 10.0319 
148.7971 10.0479 

- distance fron point source 

to sonic sphere in radial flow 
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